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ABSTRACT

The Standard Model of particle physics describes weak interactions mediated by massive
gauge bosons that interact with each other in well-defined ways. Observations of the
production and decay of WW, WZ, and ZZ boson pairs are an opportunity to check
that these self-interactions agree with the Standard Model predictions. Furthermore, final
states that include quarks are very similar to the most prominent final state of Higgs
bosons produced in association with a W or Z boson. Diboson production where WW
is a significant component has been observed at the Tevatron collider in semi-hadronic
decay modes. We present a search for ZW and ZZ production in a final state containing
two charged leptons and two jets using 8.9 fo~—' of data recorded with the CDF detector
at the Tevatron. We select events by identifying those that contain two charged leptons,
two hadronic jets, and low transverse missing energy (£7). We increase our acceptance
by using a wide suite of high-pr lepton triggers and by relaxing many lepton identification
requirements. We develop a new method for calculating corrections to jet energies based
on whether the originating parton was a quark or gluon to improve the agreement between
data and the Monte Carlo simulations used to model our diboson signal and dominant
backgrounds. We also make use of neural-network-based discriminants that are trained
to pick out jets originating from b quarks and light-flavor quarks, thereby increasing our
sensitivity to Z — bb and W/Z — qq' decays, respectively. The number of signal events
is extracted through a simultaneous fit to the dijet mass spectrum in three channels: a
heavy-flavor tagged channel, a light-flavor tagged channel, and an untagged channel.
We measure oz, zz = 2.5%3% pb, which is consistent with the SM cross section of 5.1 pb.

We establish an upper limit on the cross section of ozy,zz < 6.1 pb at 95% CL.
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CHAPTER 1
INTRODUCTION

1.1 Fundamental Elements of Matter

The Standard Model (SM) of particle physics describes the interactions of the fundamental
particles that make up the known matter in our universe. The basic constituents of the
theory include twelve fermions and their twelve antiparticle counterparts. The fermions
are split evenly between quarks—those that have “color” and so interact with the strong
force—and the leptons, which do not. They are also split into three “generations”: the first
generation contains the up and down quarks, along with the electron and its associated
neutrino; the heavier second generation contains the strange and charm quarks and the
muon, along with its neutrino; lastly, the even more massive third generation contains
the tau lepton (and tau neutrino) with the bottom and top quark—the latter is the most
massive elementary particle known. The matter most familiar in everyday life is made up
of particles in the first generation; up and down quarks combine to form the protons and
neutrons of atomic nuclei, and those nuclei combine with electrons to form atoms.

The Standard Model describes interactions of these fundamental particles under three
forces. The most familiar is the electromagnetic (EM) force, mediated by the photon which
couples with charged particles and their antiparticles. A formal description of the electro-
magnetic force in the language of quantum field theory is given by quantum electrodynam-
ics (QED); the EM force is described as a gauge theory with the symmetry group U(1).
QED successfully describes a large number of phenomona related to electromagnetism.

The strong nuclear force is described in the Standard Model through the theory of

1
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Figure 1.1: A summary of the particles included in the Standard Model of particle physics,
and where and when they were discovered. The figure includes the quarks (red), charged
leptons (yellow), neutrinos (green), and force mediators (blue/purple). Not shown is the
Higgs boson, recently discovered at CERN. Figure adapted from [1].



quantum chromodynamics (QCD). Quarks carry a “color charge” (typically given values
of red, green, or blue) analogous to the electric charge in electromagnetism. They interact
with gluons, the mediators of the strong force. The strength of the strong force, unlike the
electromagnetic force, does not increase in interactions at higher energies and shorter
distances. Instead, the QCD exhibits asymptotic freedom. The strong force behaves
similar to a spring or elastic band with a coupling that increases at longer distances. This
behavior is responsible for holding nucleons together, but also prevents free quarks from
ordinarily appearing in nature; rather, quarks typically appear in groups that together form
a color neutral state. Particles made up of quarks are called hadrons—those made up of
one quark and one antiquark (e.g., the pions and kaons) are called mesons, while those
made up of three quarks or three antiquarks (like the proton, antiproton, and neutron) are
called baryons.

Finally, the Standard Model includes interactions that describe the weak nuclear force,
responsible for nuclear g decays and other phenomena. The two quarks and two leptons
in each generation make up a doublet of in SU(2). Weak interactions between the particles
in these doublets ares mediated by massive W* and Z bosons. The Standard Model is
able to incorporate many of the more shocking properties of the weak force, like that it
does not respect parity (P) or charge-parity (CP) symmetries. The weak force and how
it is combined with the electromagnetic force to form a unified “electroweak” theory is

described in greater detail in the following sections.

1.1.1 The Weak Interaction in Detalil

The study of the weak interaction has its beginning in the observations of radioactive de-
cay near the end of the 19" century. Work by Ernest Rutherford and Henri Becquerel

established that, among the types of radioactive decays discovered, there was the emis-



sion of a particle that had the same charge to mass ratio as the electron. The elements of
this S-radiation were thus identified as being electrons themselves. Further study of the
electrons from ( decays showed that their momentum distribution was continuous rather
than discrete. This led Wolfgang Pauli to postulate that an additional particle was pro-
duced in 3 decays: the neutrino. Meanwhile, work showed that atomic nuclei undergoing
[ decays increased their atomic number by +1.

The final piece necessary to develop a complete model for nuclear 5 decay similar
to how we know it today was the discovery of the neutron by J. J. Chadwick in 1932.
With the interacting particles identified, Enrico Fermi developed a theory describing /-
radiation as the decay of the neutron: n — p*e~v,. Fermi’s interaction, shown in Fig. 1.2,
described the destruction of a neutron and creation of an electron, proton, and antineu-
trino at the same point in space-time. While Fermi’s original interaction conserved the
angular momentum of the nucleus and parity, changes were made to accommodate ex-
perimental results that showed these quantities were not conserved in 5 decays. Muon,
charged pion, and eventually strange hadron decays were all identified as following simi-
lar behavior, and so these were all successfully incorporated into Fermi’s four-point weak
interaction theory.

However, Fermi’s theory predicted unphysical cross sections at higher energies, as the
cross sections increased quickly with the center-of-mass energy. These cross sections
could be held under control if the weak interaction was mediated by a vector boson (the
W+) that carried electric charge. However, this boson would have to be massive in order
to explain the short range of the weak force as compared to the electromagnetic force, and
a theory with a massive boson mediator is not locally gauge invariant. This problem can
be solved via the Higgs mechanism [2, 3, 4], described in Sec. 1.1.2, which allows for the
generation of massive W bosons in a locally gauge invariant theory with a spontaneously

broken symmetry. A more complete theory that combined the electromagnetic and weak
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Figure 1.2: Feynman diagrams for neutron decays describing the weak interaction in
Fermi’s four-point interaction theory (left) and the electroweak theory where the force is
mediated by the massive W boson (right). We show the quarks that make up the neutron
and proton, as it is the quarks that undergo the interaction.

interactions using the existence of a universal Higgs field was developed by Glashow,
Weinberg, and Salam [5, 6, 7].

In this theory, we end up with massive W* and W~ bosons, which mediate the weak
interactions described by Fermi’s theory. A diagramatic description of nuclear 5 decay in
both Fermi’s original four-point interaction and the interaction with a massive W is shown
in Fig. 1.2. In addition to a massive W boson, the GSW theory predicts the existence of
the massive, neutral Z boson, which mediates neutral-weak-current interactions. Obser-
vations of such interactions with neutrinos in the 1970s provided early indirect evidence
for the Z boson [8], and both the W and Z bosons were discovered directly in the early

1980s by the UA-1 [9, 10] and UA-2 [11, 12] collaborations at the SppS collider at CERN.

1.1.2 Electroweak Symmetry Breaking

As mentioned in Sec. 1.1.1, it is possible to combine the weak and electromagnetic forces

in a single theory based on the group SU(2) ® U(1). We start with three gauge bosons



associated with the SU(2) symmetry, A% (a =1, 2, 3), and one with the U(1) symmetry, B.

The free Lagrangian for these bosons is

1 . 1. 1 o
L=—ZAMAL — 2 BB, — émiaA"ﬂA; - EszB“BH , (1.1)
where a sum over a is implied, and where B*” = 9B — 9” B* with a similar definition for
A2 However, the latter two mass terms in Eq. 1.1 are not locally gauge invariant, and
so in order to preserve gauge invariance in this SU(2) ® U(1) theory, we must take the A?

and B bosons to be massless.

In order to generate a mass for these bosons, we introduce a scalar doublet ¢ in SU(2),

¢+
¢O

that has a "hypercharge” of +% under the U(1) symmetry. Additionally, we introduce a

potential to the Lagrangian of the form
V(9) = —p'o + Mo'9)?

where i and \ are constants. The Lagrangian describing our bosons and interactions

with this new scalar field becomes

1 1
,C = _ZAa,,uVAZV - ZBMVBMV + D,UquFDugb - V(Qb)
1 1
= = AA, — 4B B+ D'9IDL + 12610 — MoTe)? .

The covariant derivative is

1 /
Dyt = (0 — iz AT 0" - 1%BM)¢ ,



where g and g’ represent field strengths of the A? and B fields, and o2 is the a" Pauli
matrix.
The structure of the potential V(¢) is symmetric under SU(2) @ U(1) gauge transfor-

mations of ¢, and has a minimum away from |¢| = 0 at

_ v
|¢min|—\/;—\/§-

The Lagrangian contains only terms that are gauge-invariant, but the potential has a
mechanism by which ¢ will move towards a non-zero value. Though it may reach a mini-
mum by moving in any direction, we break the SU(2) symmetry by choosing a particular
direction in SU(2) for the location of that minimum. We say the field acquires a vacuum

expectation value of

1 0

<¢>=ﬁ y

Evaluating the covariant derivative term in the Lagrangian at this expectation value of ¢,

we get new terms in the Lagrangian that are quadratic in the boson fields:

_1v2

AL =50 [PA™A) + (A AY) + (0A° — g B)(gA, —g'B)] . (1.2)

We then make the following rearrangement in terms of new fields, W}, W, Z, and A,

pr P

1 as
AZL=E(VVJ+IWM);
A2 = L(W+ — W)
“_\/E M w/o

1

A= (927 +d'A)



1

Substituting these into Eq. 1.2, we find

B, = (—9'Z) + gA,) .

1v2 o ,
AL = 54 [gZ(WW W;) + gA(W—+ W,)+ (9% + gz)ZO"‘ZS] ,
which are mass terms for the two W bosons, with my = (g) g, and the Z boson, with
mass mz = (§) v/g%+9?. The A, field, describing the photon in the Standard Model,
remains massless. One may interpret the two neutral bosons in the original theory as

having mixed to form the massive Z boson and the massless v with a mixing matrix,

Af; _ cosfOy sinfy ij
B, —sinfy cosbw A,

where the mixing angle 6y follows

g/2

This mixing angle may be treated as a fundamental input into the electroweak theory, as it

Sin2 Ow =

describes the relative interaction strengths of the electromagnetic and weak forces. It may
also be used to describe the relationship between the masses of the W and Z bosons:
my = mzcos fy. The electric charge (Q) is a mixture of the weak isospin (73) and weak
hypercharge (Y):

Y

Q= T3+E

While discovery of the W and Z bosons confirmed many aspects of this theory, direct
experimental evidence of the Higgs boson alluded physicists until very recently. This is

in part due to the fact that the mass of the Higgs boson, given by my = vv2\ = u,



is not predicted by electroweak theory and instead must be measured experimentally.
Indirect evidence from combining other measurements of fundamental parameters in the
Standard Model suggested that the Higgs boson mass was in the 100 GeV/c? range, with
my = 96*3), GeV/c? [13]. Direct searches at LEP, the e*e~ collider at CERN that ran from
1989 until 2000, excluded a Higgs boson with mass < 114.4 GeV/c? [14], suggesting
there may be tensions with the SM. However, in 2012, the ATLAS and CMS experiments
located at CERN’s Large Hadron Collider (LHC) reported observations of a new Higgs-like
particle with my ~ 125 GeV/c? [15, 16]. Additionally, the CDF and DO experiments located
at Fermilab’s Tevatron found evidence consistent with the LHC discovery [17]. Further
study is necessary to prove this particle is the SM Higgs boson, but early indications are

consistent with it being so.

1.1.3 Decays of the W and Z bosons

The W and Z bosons interact with fermions in isospin doublets, as described in Sec. 1.1.
The coupling of the W boson to left-handed quarks and leptons is similar (except for
the flavor-changing properties introduced via quark-mixing, but this may be ignored when
integrating over all quark states). Because quarks have color, however, there is an addi-
tional color factor that makes W* — qq’ decays more likely. A W+ boson may decay to

one of 6 possible quark final states (there are no top quark final states because m; > my):

{Ur, A}, {Ub, b}, {Ug, g}, {Cr. 5}, {Cs S}, {Cgs S5}

and 3 possible lepton final states

{e" ve}, {u"s v} {77, v}



with equal probability. Therefore, the branching ratio for each individual lepton decay is

roughly BR(W* — (*1,) =~ 5 ~ 11.1%, while the decay to any final state with quarks has

s
BR(W* — qq) ~ $ ~ 66.7%.

The couplings of the Z boson to fermions are more complicated due to the mixing of
neutral boson states that creates it during spontaneous symmetry breaking. They are
proportional to

15 — Qsin2 Ow ..

Unlike the W boson, the Z boson couples to both left- and right-handed fermions, but it
does so differently due to parity violation in the weak force. Thus, to calculate the decay
width of Z bosons to a fermion pair, we must add up both left and right-handed fermions

interactions. The partial decay width for a Z boson to a charged lepton pair is

2
Cz - X K—%) — (—1)sin20W] + [(0) - (—1)sin20Wr ~0.13,

while for the decay to an up- or down-type quarks pair, the decay width goes as

(1 2 ? 2 2
[ 7 quogue X <+§) — (+§) sinzew] + {(0) — (+§> sinzew] ~0.14,
/1 1 2 1 2
rZ‘“]dst/dsb X (_5) - (_g) sin® HW] + [(O) - (—5) sin? Qw} ~ 019,

and for neutrinos, which in the Standard Model are only left-handed, the decay width will

go as

2
[ 2y O K+%) —(0) sinzew} =0.25,

using sin®Ay = 0.23 [18]. Once again, we must consider the color possibilities for the

quarks, as each type may be of three different colors, which leads to the following branch-
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ing ratios

[ e A
BR(Z — €*e") = BR(Z — ptu~) = BR(Z — 7777) = 2285 o 013 _ 3.4% ,
[z7ota  3.69
- 3 x (2rzﬁq g +3F2%q g ) 2.55
BR Z N — ucYuc dsbYdsb ~ ~ 690/0 ,
(£ = qq) 2o 3.69
BR(Z — vi(all flavors)) = 3xTzomm 075 ~ 20% ,
[ Z Total 3.69

where Iz ota) =~ 3.69 is the sum of all of the decay widths of the Z boson. The branching

ratios for Z and W boson decays are shown in Fig. 1.3.

Z boson decay_s W boson decays
14%

ere

66.7%

Figure 1.3: The branching ratios for Z boson decays (left) and W boson decays (right).
The branching ratio for Z — bb decays is ~ 23312 ~ 15%.

1.2 Diboson Production

There are a number of reasons why we are interested in studying the production of mas-

sive boson pairs. First, we may search for physics beyond the Standard Model in diboson
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production. The Standard Model makes precise predictions to the self-couplings of the
electroweak gauge bosons (the W and Z bosons and ~) [19]. Trilinear couplings with
WW~ and WWZ vertices are allowed in the SM at tree-level, while ZZ~ and ZZZ cou-
plings do not exist. New physics may change these couplings above some energy scale,
either in modes allowed by the Standard Model or in those not present [20, 21].

At hadron colliders, the best limits on anomalous trilinear gauge couplings are typically
achieved by looking at fully leptonic decay modes: W*W~ — (*vi—v, W*Z — (Fvii—,
and ZZ — (*¢=¢*¢~ (or ¢*¢~vr). These decay modes, while suffering from the low branch-
ing rations of leptonic W and Z decays, have few backgrounds due to their lack of jets
in the final states. However, it is possible that new physics may be hiding in decays with
hadronic final states [22, 23]. An excess of events observed by the CDF collaboration
ina W — (v + jets final state [24] could be explained by such new physics, though this
observation has not been corroborated by other experiments [25, 26, 27].

Second, searches for diboson production are strongly related to searches for the Higgs
boson. For a Higgs boson at the masses indicated by the ATLAS [15] and CMS [16]
experiments, my ~ 125 GeV/c?, the most likely Higgs decay product is a bb pair, as
shown in Fig. 1.4. However, H — bb decays are practically impossible to observe on their
own, as the backgrounds from b jet production via gluon splitting at hadron colliders are
far too large, not to mention the added difficulty of picking out b jets from the even larger
multijet production backgrounds. Among the best prospects for observing H — bb decays
comes when the Higgs boson is produced in association with a W or Z boson. If that W
or Z boson decays leptonically, the signature from that decay may be used to pre-select
events, and then a requirement of two b jets may be used to search for the Higgs boson.
These “associated production” modes with WH — ¢vbb and ZH — ¢+¢(~(or v?) bb have
produced the best results on searches for H — bb [17], and may be essential to show

that the Higgs-like signature seen at the LHC experiments is indeed the Higgs boson.

12
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Figure 1.4: The branching ratios for various decays of the Higgs Boson as a function of
my. The shaded regions indicate theoretical uncertainties. For my ~ 125 GeV/c?, the
most likely Higgs boson decay product is a bb pair. Associated Higgs production with a
leptonic W or Z decay may allow for observations of H — bb decays. Figure adapted
from [28].

13



Electroweak diboson production is important to searches for the Higgs boson in as-
sociated production modes because semi-hadronic diboson decay channels, where one
W or Z boson decays leptonically and the other decays hadronically, result in a similar
final state: leptons plus jets from the decay of a massive boson. The similarities can be
made even more germane when searching exclusively for Z — bb decays in association
with a leptonic W or Z boson decay. Here, the topology of the final states for diboson
production and associated Higgs production differ primarily in the mass and spin of the
Z and Higgs boson, but little else. Because production cross sections are larger for di-
bosons than the Higgs, searches for diboson production allow for the testing of new tools
aimed at going after Higgs production. Sharing a final state means they also share many
backgrounds, and so the detailed understanding of the W /Z+ jets and multijet production
backgrounds from diboson production measurements are directly relevant to searches for

H — bb decays.

1.2.1 Existing Measurements

A recent review of diboson production measurements from the LEP, Tevatron, and LHC
experiments may be found in [29]. Here, we will focus on observations of diboson produc-
tion at hadron colliders in semi-hadronic decay modes, where one boson decays hadron-
ically while the other decays leptonically. Production cross sections for heavy boson pairs
at the Tevatron [19] and the LHC [30] are summarized in Tab. 1.1. These cross sections
are calculated using the parton-level next-to-leading order program MCFM (described
in [19]). Because WW~ and WWZ couplings exist in the Standard Model, WW and WZ
boson pairs may be produced through s-channel production as well as t-channel produc-
tion (see Fig. 1.5). These additional s-channel processes, along with the lower W boson

mass, give rise to the heirarchy of diboson cross sections. W* W~ production is by far the
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most prominent, with a cross section over twice that of the other processes at the Teva-
tron. ZZ production has a small cross section, as it may only be produced via t-channel

exchange of a quark.

Diboson Cross Sections (pb)
Tevatron (pp) LHC (pp)
Vs=196TeV | /s=7TeV /s=8TeV /s=14TeV
Ww+w- 11.7 47.0 57.3 124.3
w+z 3.7 11.9 14.5 31.5
w-Zz ' 6.7 8.4 20.3
zZ 1.4 6.5 7.9 17.7

Table 1.1: A summary of the Standard Model production cross sections for heavy diboson
production at the Tevatron [19] and at various center-of-mass energies at the LHC [30].
The W*Z and W~Z cross sections are combined for the Tevatron since they are equal to
one another (due to the CP-symmetric initial pp state).

CDF made the first observation of diboson production in a semi-hadronic final state
by searching for events with jets and a large imbalance in the transverse momentum [31].
The large momentum imbalance is caused by particles produced in pp collisions that es-
cape detection: mainly neutrinos. Thus, the final state has a large acceptance to diboson
decays as it includes contributions from both W — /v and Z — vv decays. This increased
acceptance increases sensitivity, but the analysis demands a good understanding of both
W /Z+ jets backgrounds and the large number of events where mismeasured jet energies
fake the neutrino signature. A combined measurement of WW, WZ, and ZZ production
yielded oyww.wz.zz = 18.0 & 3.8 pb, a significance in excess of 5¢ and in agreement with
the SM prediction. A later search [32] in the same final state included a channel designed
to select events with Z — bb decays, shifting the measurement to just the WZ + ZZ
production cross section. That search obtained a measurement of oyz,77 = 5.01%% pb,
setting an upper limit of oyz,zz < 13 pb at 95% C.L.

Measurements of final states requiring a W — /(v decay by explicitly searching for a
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charged lepton do not face as many backgrounds as the above analysis, but they lose
contributions from Z — vv decays, and so they are only sensitive to a combination of
WW and WZ production. Both CDF [33] and DO [34] have conclusively observed and
measured the WW + WZ cross section in this final state, using methods ranging from a
fit to the dijet mass distribution to more sophisticated multi-variate analysis techniques.
Both analyses used an integrated luminosity of [ £ = 4.3 fo~': CDF found oww.wz =
18.1 + 4.1 pb, while DO measured oyw.wz = 19.6*%2 pb. In addition to the combined
measurement, DO also used b-jet tagging to try to isolate the WW and WZ samples
from one another, finding oww = 15.9*37 pb and oz = 3.3*]; pb. The measurements
with WW contributions in this final state are all higher, but still consistent with, the SM
prediction.

In addition to these dedicated diboson production measurements, both CDF and DO
have produced evidence of W.Z and ZZ production using analysis techniques specifically
developed for Higgs searches in the WH and ZH associated production modes. CDF,
combining channels utilizing a variety of the leptonic decays of the W and Z bosons in
concert with a Z — bb decay, found oyz,.zz = 4.1+1.3 pb, corresponding to a significance
of ~ 3.20 [35]. DO, combining similar channels, found o7,z = 3.3 + 1.4 pb, with a sta-
tistical significance of ~ 2.5¢ [36]. Taken together, the combined Tevatron measurement

for WZ/ZZ production in leptons + b jets final states is opyz,7zz = 3.9 £ 0.9 pb [17].

1.3 Search for ZW/ZZ Production at CDF

This thesis is a search for ZW/ZZ production in a final state with two charged leptons
and at least two jets: ZW/ZZ — (*(~ + qq’. Feynman diagrams describing the tree-
level production and decay modes are shown in Fig. 1.5. This channel has a number

of benefits compared to other semi-hadronic diboson production searches. First, high-
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momentum electrons/positions and muons/antimuons generally leave unique signatures
in the detector and are among the easiest particles to distinguish from hadronic jets. At
a proton collider, where the total pp (or pp) interaction cross section is dominated by the
production of hadronic jets, using a final state with charged leptons reduces these multijet

production backgrounds significantly.
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Figure 1.5: The leading-order Feynman diagrams for ZW and ZZ production at the Teva-
tron. The t-channel production (left) can produce both ZW and ZZ diboson final states,
while ZW may also be produced via the s-channel production of an off-shell W boson

(right).

In addition to the clean signature of electrons and muons, we may additionally reduce
possible backgrounds by utilizing the fact that the reconstructed dilepton invariant mass
should produce a resonance at the Z boson mass. By requiring the dilepton invariant
mass to be in a close window around m_, we almost entirely reduce our backgrounds
to processes with Z — ¢*/~ decays themselves. Also, each product in our final state
should be reconstructed in the CDF detector. Thus, we can place cuts to remove both

physical processes that produce neutrinos (like tt production), as well as events where
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some objects are highly mismeasured, which could lead to errors in event reconstruction.

However, this final state does have a significant drawback. As shown in Sec. 1.1.3,
the branching ratio of Z — e*e~ and p*u~ decays is very low. Only 4.5% of WZ and
9.4% of ZZ decays end in our search channel, reducing the combined cross section from
~ 5.1 pb to an effective cross section of oyz,zz x BR(ZW/ZZ — (*(~qq') ~ 0.30 pb.

We perform our search for ZW/ZZ production using the full set of data produced by
the Tevatron, corresponding to an integrated luminosity of 8.9 fo—!. We attempt to ex-
tract our diboson signal from the backgrounds in our selection in a relatively simple way,
by performing a fit to the dijet invariant mass (mj) spectrum. In order to increase our
sensitivity to our signal, we separate events that pass our final selection into three chan-
nels: a heavy-flavor tagged channel, richer in jets originating from b quarks; a light-flavor
tagged channel, richer in jets originating from light-flavor quarks (as opposed to gluons);
and, a third “untagged” channel containing the remaining events. These two jet taggers,
described in Chaps. 6 and 7, are both based on artificial neural-network discriminants
that have been specifically designed with performing diboson searches in mind, the latter
quark/gluon discriminant is unique to this analysis. We perform the fit to mj; simultane-
ously across all channels.

We begin this thesis by describing the Tevatron accelerator and CDF detector in
Chap. 2. How we use signals from the detector to reconstruct fundamental objects—
like electrons, muons, and jets—is described in Chap. 3. We summarize details of the
event selection and modeling of our signal and backgrounds on Chap. 4 before returning
to a detailed description of the calibrations and corrections applied to our jet energies in
Chap. 5. That latter chapter includes a description of new corrections applied to simulated
jets based on their originating parton. Chaps. 6 and 7 describe the neural-network based
b-jet and quark/gluon discriminants that we use to improve our sensitivity to Z — bb and

W/Z — qq decays. Finally, in Chap. 8, we put everything together to perform our fit to
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the m; spectrum and describe the systematic uncertainties on the signal extraction.
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CHAPTER 2
ACCELERATOR AND DETECTOR

2.1 The Tevatron Accelerator Chain

The Tevatron, located at the Fermi National Accelerator Laboratory (FNAL, or Fermilab),
accelerated protons and antiprotons for use in high energy particle physics experiments
from 1983 through 2011. After the final superconducting magnets were installed, the
Tevatron set an energy record by accelerating a beam of protons to 512 GeV and then
800 GeV in 1984. The first proton-antiproton (pp) collisions were recorded by the Collider
Detector at Fermilab (CDF) in 1985 with a total center of mass energy of /s = 1.6 TeV,
increasing to /s = 1.8 TeV a year later. After upgrades to the accelerator facilities,
collisions at /s = 1.96 TeV began in 2001 and continued through 2011. The Tevatron
was the highest energy particle accelerator in the world before operation of the Large
Hadron Collider (LHC) at CERN began in 2007.

What follows is a brief description of the accelerator chain that produced the high
energy pp collisions analyzed here. We describe the proton source, antiproton source,
Main Injector, and Tevatron. Further detail is provided in [37]. A diagram of the accelerator

structure is shown in Fig. 2.1.

2.1.1 The Proton Source

The production of protons begins with a source that converts hydrogen gas into ionized

hydrogen gas (H™) inside a Cockroft-Walton generator. The dome of this generator, also
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Figure 2.1: The chain of accelerators that produce the high energy pp collisions [38].
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called the Pre-accelerator (or “Preacc”), is charged to a potential of —750 kV. The Preacc
accelerates the ionized gas through a column between the dome and a grounded wall,
giving the gas a final energy of 750 keV.

After the initial acceleration of ionized hydrogen, the ions travel to a linear accelerator,
called the “Linac”. The Linac is composed of two main sections. The first uses a series of
cavities equipped with drift tubes to shield particles from electric fields that would deac-
celerate the ions. The second section is a side-coupled-cavity Linac, wherein each cavity
is equipped with 16 smaller accelerating cells that are coupled together and powered by
one RF source. The Linac also contains a number of magnets to focus the beam. The
Linac increases the energy of the ionized hydrogen from 750 keV to 400 MeV.

When producing protons for the Tevatron, the beam from the Linac is sent through
a carbon foil and into the “Booster”. The carbon foil strips the H™ ions of their elec-
trons, leaving only protons. The Booster, a 75-m radius synchrotron, then accelerates
the remaining protons to an energy of 8 GeV. Each of the elements of the proton source
functions at 15 Hz, thus producing a beam of 8 GeV protons every 66 ms. Many protons
from the Booster are used to create neutrinos for MiniBooNE and other experimental pro-
grams. Those used for high-energy collisions at CDF, however, are sent along to the Main

Injector.

2.1.2 The Main Injector

The Main Injector is a large synchrotron that is about half the circumference of the Teva-
tron. Its eighteen accelerating cavities can take protons from the Booster, with energy 8
GeV, and accelerate them to either 120 or 150 GeV in as little as 2.2 s. When preparing
for collisions in the Tevatron, the Main Injector accepts seven proton bunches from the

Booster. It then accelerates these proton bunches to 150 GeV before combining them
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into one larger bunch through a process called coalescing and sending them to the Teva-
tron for further acceleration. The Main Injector also accepts, accelerates, and injects into

the Tevatron bunches of antiprotons that come from the Antiproton source.

2.1.3 The Antiproton Source

The creation of antiprotons for use in the Tevatron begins with 120 GeV protons, which
come from the Main Injector and strike a stationary nickel alloy target. These collisions
create a spray of secondary particles including antiprotons. Magnets extract antiprotons
with an energy of 8 GeV from this particle spray, and these antiprotons are sent along a
transfer line to the Debuncher.

The Debuncher is the first accelerator that makes up the antiproton source. It is a
triangular-shaped synchrotron (with rounded edges) with a mean radius of 90 m. It cap-
tures the 8 GeV antiprotons which, coming from the target, have a large spread in their
momentum. The Debuncher does not change the energy of the antiproton bunch; rather,
the Debuncher stochastically cools the beam, using an electrical signal from the antipro-
ton bunches circling the Debuncher to trigger a kick at another location in the accelerator.
The cooling systems in the Debuncher reduce both the horizontal and vertical spread
of the antiproton beam, as well as reduce the spread in the momentum of the antipro-
tons. From the Debuncher, the antiprotons enter the Accumulator, a similar synchrotron
housed in the same tunnel as the Debuncher, which continues to cool and store the 8
GeV antiprotons.

The antiprotons are then sent to the Recycler. Originally intended to “recycle” an-
tiprotons from the Tevatron, the Recylcer is used as a storage ring for antiprotons. The
Recycler cools the antiproton beam further, using stochastic cooling as well as electron

cooling. In the latter, a beam of electrons inserted with the antiprotons reduces the mo-
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mentum spread of the antiproton beam through glancing collisions that transfer momen-
tum from the antiprotons to the much lighter electrons. The Recycler, like the Debuncher
and Accumulator, does not increase the energy of the antiprotons but keeps them at an
energy of 8 GeV. When it is time to load antiprotons into the Tevatron, the antiprotons in
the Recycler are first transferred to the Main Injector, then accelerated to 150 GeV, and

finally sent along to the Tevatron.

2.1.4 The Tevatron

The Tevatron is the final machine in the accelerator chain for producing high-energy pp
collisions at Fermilab. With a circumference of 6.3 km, it is the third largest synchrotron
in the world and the largest in the Western Hemisphere. Its eight accelerating cavities
take protons and antiprotons from the Main Injector and accelerate them from 150 GeV
to an energy of 980 GeV, producing collisions with center-of-mass energy /s = 1.96 TeV.
The Tevatron uses a series of superconductor magnets to bend and focus the proton
and antiproton beams as they travel around the accelerator. These magnets are made
using niobium/titanium alloy wires that must be cryogenically cooled in order to be su-
perconducting, allowing very large currents to pass through with minimal resistance. The
magnets are cooled using liquid helium at a temperature of about 4 K.

The accelerator’s RF frequency is 53.1 MHz, and so proton and antiproton bunches
are collected in RF buckets with a temporal size of about 19 ns. Around the entire ac-
celerator, there are 1113 evenly-spaced RF buckets. When colliding protons and antipro-
tons, each bunch is localized to a single bucket. Proton bunches are organized into 3
“trains” that contain 12 bunches each. Each bunch spaced 21 buckets (396 ns) apart,
and between each train is an abort gap of 139 buckets (2.6 us). Antiproton bunches are

organized in the same way, moving around the ring in the opposite direction of the pro-
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tons. With this bunch structure, pp collisions happen every 396 ns when the proton and
antiproton trains intersect; on average, collisions happen every 590 ns, or at a rate of 1.7
MHz. Collisions occur at two interaction points around the ring: BO, the location of the
CDF experiment, and DO, the location of the similarly-named experiment.

Once the protons and antiprotons have been accelerated, the Tevatron acts as a stor-
age ring while collisions take place. The period for which a given bunch of protons and
antiprotons is allowed to collide is called a “store”. Typically, about 10'® protons and
0.3 x 10'® antiprotons are input into the Tevatron at the beginning of a store, which cor-
responds to an initial instantaneous luminosity of about 3 x 10% cm=2s~', or 30 nb~'s~".
Fig. 2.2 shows the initial instantaneous luminosity of stores during Run II of the Tevatron.
The peak luminosities increased over time due to the efforts of Fermilab’s accelerator
experts. Over the lifetime of a single store, the instantaneous luminosity drops as parti-
cles are lost and the beams become less collimated. Once enough antiprotons for the
next store have been produced, the colliding store is dropped and the remaining protons
and antiprotons are sent into beam dumps by fast kicker magnets. Stores typically last
~ 24 hours. Over the lifetime of the Tevatron, pp collisions with a total integrated lumi-
nosity of nearly 12 fo—! were provided to the CDF and DO experiments. The integrated

luminosity collected over the decade the Tevatron ran during Run II is shown in Fig. 2.3.

2.2 The CDF II Detector

The CDF II detector [40] is a general-purpose particle detector located at one of the col-
lision points of the Tevatron accelerator. The detector is roughly cylindrically symmetric
around the beam line. Like most general-purpose detectors, CDF is made up of many
sub-detectors spanning a variety of particle detection techniques that, when used to-

gether, can provide both accurate identification and measurement of the many particles
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Figure 2.2: The peak instantaneous luminosity during each store (blue triangles) and
a 20-store average (red diamonds) over time during Run II of the Tevatron [39]. The
instantaneous luminosity is given in units of cm—2s~'. Periods of no data correspond to
stoppages, when the Tevatron was not producing pp collisions.
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of inverse picobarns, where 1 pb~! = 103 cm~2. Periods of no data correspond to stop-
pages, when the Tevatron was not producing pp collisions. In total, the Tevatron delivered
~ 12 fb~' of pp collisions to the CDF and DO experiments.
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produced in pp collisions.

CDF is arranged in the following way. Charged particle tracking detectors are located
outside the beamline, which contains the point of interaction for pp collisions. These track-
ing detectors reside within a superconducting solenoid that produces a 1.4 T magnetic
field aligned coaxially with the proton and antiproton beams. This magnetic field causes
charged particles to curve as they traverse the tracking systems. Around the outside of
the solenoid, calorimeter modules measure the energies of charged and neutral parti-
cles. Finally, a series of drift chambers sit outside the calorimeter, and are used to detect
muons as they typically leave little energy in, and are not stopped by, the calorimeters. An
elevation view of the CDF detector is shown in Fig. 2.4.

Given the cylindrical geometry of the detector, the CDF experiment typically uses a
cylindrical coordinate system to describe kinematic quantities. The z-axis of the detector
is aligned with the beam line, with the origin of the coordinate system located at the
detector’s center and the incoming proton beam direction defined as the +z direction.
While not typically used to describe particles, r is the radial distance from the beam axis.
The polar angle, 6, is measured from the origin with respect to the z-axis, and ¢ is defined
as the azimuthal angle. Pseudorapidity is defined as n = —In (tan 4). The rectangular
coordinates x and y point radially outward and vertically upward from the Tevatron ring,
respectively, and together make up the “transverse” plane. Thus, a particle’s transverse
momentum, the component of momentum in this plane perpendicular to to the beam axis,
is defined as pr = |p|sind = psind. Similarly, we define the transverse energy of a
electromagnetic or hadronic shower as Er = E siné.

In the following sections we describe in greater detail each of the components of the
CDF detector, as well as the trigger system, which is used to select the events of greatest

interest to the experiment.
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Figure 2.4: An elevation view of the CDF Il detector. Various components of the detector
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2.2.1 Tracking

The innermost tracking layers consist of three concentric silicon detectors [41]—Layer 00,
SVX I, and Intermediate Silicon Layers (ISL)—ranging out to r = 30 cm and covering a
pseudorapidity range of |n| < 2. The SVX 11 is a five-layer double-sided silicon microstrip
detector in the region between 2.4 cm and 10.7 cm from the beam axis. It consists of
three separate barrel modules that cover a length of 96 cm along the beam line, which is
approximately 90% of the luminous interaction region. Three of the five layers combine an
r-¢ measurement on one side and a 90° stereo measurement on the other. The remaining
two layers combine an r-¢ measurement and a small-angle (+1.2°) stereo measurement.
The typical hit resolution from the SVX is 11 um. Layer 00 is single-sided silicon layer
practically resting on the beam pipe, providing improved impact parameter resolution for
reconstructed charged particle tracks. The ISL, another double-sided microstrip detector
but with a larger pitch between strips than the SVX, covers radii between 19 and 30 cm
from the beam line, and allows for the linking of tracks from the inner silicon detectors to
the outer tracking chamber (described below).

Just outside the ISL sits the Central Outer Tracker (COT) [42], a 3.1 m long open cell
drift chamber covering the region 0.40 m < r < 1.32 m. It provides full coverage for
charged particle tracks with || < 1. Sense wires are arranged in eight alternating axial
(parallel to the z-axis) and + 2° stereo (with respect to the z-axis) “superlayers.” Each
superlayer contains 12 wire layers, providing a total of 96 sense wire layers across the
drift chamber. The chamber is filled with a 50:50 mixture of argon and ethane gas in which
electrons have a drift time of about 200 ns, less than the 396 ns bunch-spacing of the
proton and antiproton beams. The position resolution of single drift time measurements,
measured using muons from Z — u*p~ decays, is about 180 um.

Two complementary algorithms associate segments lying on a common circle, and

30



the results are merged to form a final set of axial tracks segments. Tracks are recon-
structed in three dimensions by associating track segments in stereo superlayers with the
axial track segments. The efficiency of finding isolated high-momentum tracks is mea-
sured using electrons from W+ — e*v decays identified in the central region (|n| < 1.1)
using only calorimetric information from the electron shower and the missing transverse
energy. The efficiency for finding these electron tracks is 99.93*4% %, and this is typi-
cal for other isolated high-momentum tracks from either electronic or muonic W and Z
decays contained in the COT. The transverse momentum resolution of high-pr tracks is
5pr/p3 ~ 0.1% (GeV/c)~'. Their track position resolution in the direction along the beam
line at the origin is 6z ~ 0.5cm, and the resolution on the track impact parameter, the
distance from the beam line to the track’s closest approach in the transverse plane, is
ddy ~ 350 um.

To combine information from the silicon detectors to tracks reconstructed in the COT, a
progressive “outside-in” tracking algorithm is used, in which COT tracks are extrapolated
into the silicon detector, associated silicon hits are found, and the track is refit with the
added information of the silicon measurements. The initial track parameters provide a
width for a search road in a given layer. Then, for each candidate hit in that layer, the
track is refit and used to define the search road into the next layer. This stepwise addition
of precision SVX information progressively reduces the size of the search road, while
also accounting for the additional uncertainty due to multiple scattering in each layer. The
search uses the two best candidate hits in each layer to generate a small tree of final
track candidates, from which the tracks with the best y? are selected. The efficiency for
associating at least three silicon hits with an isolated COT track is 91% + 1%, and the
extrapolated impact parameter resolution for high-momentum outside-in tracks is much
smaller than for COT-only tracks: 30 um, which includes the uncertainty in the beam

position.
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2.2.2 Calorimetry

Calorimeter modules sit outside the central tracking volume and solenoid, where they
measure the energies of both charged and neutral particles. Modules consist of two
main sections: inner electromagnetic (EM) layers consist of lead sheets interspersed with
plastic scintillator; and, outer hadronic (HAD) layers consist of scintillators sandwiched
between steel sheets. Electrons and photons, as they travel through the lead, undergo a
series of bremsstrahlung and pair production, producing electromagnetic showers that are
then measured by the scintillators. Electromagnetic showers are largely contained in the
EM portions of the calorimeter. Hadrons also produce showers as they travel through the
calorimeter, but these showers are typically much larger and wider, as they are created
by inelastic scattering with nuclei in the absorber material.

The calorimeter is split between the central barrel (|| < 1.0, with the electromag-
netic and hadronic sections called the CEM and CHA, respectively) and forward end plug
(1.1 < |n|] < 3.64, similarly called the PEM and PHA) sections. An additional hadronic
calorimeter (the end-wall hadronic calorimeter, or WHA) ensures complete coverage in
the region 0.6 < |n| < 1.3. The calorimeter modules are arranged in a tower based pro-
jective geometry. Individual towers in the central barrel subtend 0.1 in || and 15° in ¢.
The sizes of the towers in the end plug calorimeter vary with |n|: subtending 0.1 in |5| and
7.5°in¢gat|n =1.1,and 0.5in |p| and 15°in ¢ at |n| = 3.6.

The energy resolution of the calorimeter towers was measured using test beam data.
For electrons, the energy resolution is 14%/+/E7 in the CEM and 16%/VE @ 1% in the
PEM, where the energies are in units of GeV. The single-particle energy resolution in the
hadronic calorimeters, measured using pions, is 75%/vE in the CHA, 80%/+E in the
WHA, and 80%/vE @ 5% in the PHA. Further studies have been done to determine and

validate the energy scale of hadronic jets, and are explained in greater detail in Chap. 5.
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In addition to the scintillators that measure particle energies, both the CEM and PEM
have electromagnetic shower maximum detectors (the CES and PES, respectively) imbed-
ded at the point where an electromagnetic shower reaches its maximum intensity. The
CES is a proportional chamber with wires in the r-¢ view and cathode strips in z. It ac-
curately measures the position of the shower in each dimension, and this position may
then be matched to a track in the COT if the originating particle was an electron. The po-
sition resolution in r-¢ is about 0.2 cm. The PES contains two layers of scintillator strips,
oriented 45° with respect to each other. Also, in front of both the CEM and PEM there
are pre-radiator detectors (the CPR and PPR) that provide additional information before

showering starts in the calorimeter.

2.2.3 Muon detectors

Because they have a higher mass, muons do not radiate much at momenta < 10% GeV/c,
and therefore they do not produce showers in the electromagnetic calorimeter like elec-
trons. Instead, they pass through the calorimeters largely undetected. So, outside the
calorimeters, a collection of drift chambers are used to detect muons. Steel absorbers re-
duce the likelihood for a hadronic jet to punch through the calorimeter and into the muon
detectors, while not stopping muons with pr > 3.0 GeV/c. Muons may then be identified
by their tracks in the COT matched to “stubs” found in the muon chambers.

There are three major muon detectors used in this analysis. The central muon detector
(CMU) is located directly outside of the central calorimeter. It is a four-layer stack of planar
drift chambers. Position measurements in r-¢ are made by converting the signal arrival
time into a drift distance. The maximum drift time in a CMU cell is 800 ns. This is longer
than the bunch spacing (396 ns), but any ambiguity to the proper pp interaction can be

made by identifying an associated COT track produced by the muon. The CMU covers a
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range of |n| < 0.6.

The central muon upgrade detector (CMP) and central muon extension detector (CMX)
are also both wire drift chambers, though wider than the CMU detector (and thus have a
longer drift time). The CMP is an additional four-layer stack of drift chambers, arranged in
a box-like structure around the CMU behind 60 cm of steel absorbers. It provides greater
background rejection and some additional coverage for |n| < 0.6. The CMX detectors
consists of eight layers of drift cells in a conical arch-like arrangement around the detector,
thus giving some position measurement in the z direction from overlapping cells with
different stereo angles with respect to the beam line. It extends the muon coverage up to

In| < 1.0.

2.2.4 Luminosity Measurement

The small-angle Cherenkov luminosity counters (CLC) detector measures the instanta-
neous luminosity and integrated luminosity of our data sample. It consists of two mod-
ules of isobutane gas Cherenkov counters pointing toward the interaction region, located
around the beam pipe at each end of the detector, covering 3.6 < || < 4.6. The CLC
directly measures the rate of inelastic pp events, Rzz. This may be translated into a lumi-
nosity knowing the total inelastic pp cross section, taken to be 0,5 = 60.7 & 2.4 mb, and
the acceptance of the CLC, determined to be Ac ¢ = 60.2 4+ 2.6%:

Res

L= —T7T".
ACchapﬁ

Further details of the luminosity measurement are described in [40].
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2.2.5 Trigger System

The rate at which data from the detector may be read out and recorded for use in later
analyses is limited: ~ 100 Hz. Since collisions happen at a rate of about 2.5 MHz (though
1.7 MHz on average, due to the beam structure), a trigger system selects only a portion
of the pp collisions to be stored to tape. This system must operate in real-time, and so be
fast enough to handle the very high rate of collisions, but also be sophisticated enough to
identify the events that appear most deserving for future analysis.

CDF employs a three-level trigger system utilizing a combination of dedicated hard-
ware and specialized software running on commercial computational processors. An
overview of the data flow is shown in Fig. 2.5. Synchronous with each beam crossing,
signals from the detectors are digitized and saved in a storage pipeline (with the excep-
tion of the silicon detectors, which use an analog pipeline). Meanwhile, the data needed
to make the first level (L1) trigger decision is sent to three sets of custom hardware used
to identify objects of interest in the event: calorimeter objects (electrons, photons, and
hadronic jets), stubs in the muon detectors, and tracks in the COT. A global trigger de-
cision is then made, based on the number of physics objects in the event and/or global
calorimeter energy quantities. Upon a L1 accept, the silicon data is digitized, and all
event data is removed from the L1 pipeline and stored in one of four event buffers in the
front-end electronics of the detector components. The L1 accept rate is on the order of
20 kHz.

Unlike L1, the second level trigger (L2) operates asynchronously with the beam cross-
ing. After an L1 accept, data from the silicon detectors is sent to the silicon vertex trigger
(SVT) [43, 44], which uses dedicated hardware to perform fast and accurate track-fitting
using the silicon data. Data from other detector components is collected and formatted

on PULSAR boards [45], which in turn send the data to a PC that runs trigger algorithms
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(like basic jet clustering, momentum imbalance calculations) with higher precision than
can be done at L1. The global latency for L2 is ~ 40us, and it has a typical accept rate of
~ 0.5-1 kHz. The possibility of deadtime arises in the transition from L1 to L2: if the L1
accept rate is too high or the processing time at L2 is too long, the four front-end buffers
may fill up. CDF has designed its trigger system to operate with a deadtime of < 5%.
Upon a L2 accept, the data from the front-end buffers on the detector are read out
and sent to the level 3 trigger (L3). L3 is a processing farm of nearly 300 commercial
dual processor computers. Each runs event reconstruction code of near-offline quality
and imposes a loose set of cuts on reconstructed objects, and can process an event in
about 1 s. With the full detector information available to it, and a longer latency at which it
may operate, the L3 algorithms can apply even more precise cuts to remove events faking
the signals associated with the objects we desire to store. The typical L3 accept rate is
~ 100-150 Hz. After an L3 accept, the data is sent to storage areas, where it is then

analyzed offline.
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Figure 2.5: The data flow in CDF’s three-level realtime trigger system, which reduces the
1.7 MHz average event rate to about 100 Hz. The data is then be stored for further offline

analysis.
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CHAPTER 3
EVENT RECONSTRUCTION

After events are recorded, they are analyzed offline to find physical processes of interest.
In this analysis, we search for ZW and ZZ production, where a Z boson decays to an
ete” or u*u~ lepton pair, and the other boson decays to a quark-antiquark pair: either
Z — qq, or W& — qq'. In order to identify these events, we need to reconstruct each
of the decay products from diboson production. This chapter contains a summary of the
ways in which we reconstruct these, and other, objects based on their signatures in the

CDF detector.

3.1 Electrons

High-energy electrons and positrons (hereafter, we will not consider the matter/antimatter
distinction and will call all such objects “electrons”), as they pass through the detector,
should leave the following signatures in the CDF detector: a charged particle track in the
silicon detectors and the COT, an electromagnetic shower in the EM calorimeter, and very
little energy deposited in the hadronic calorimeter. The selection of our electrons is based

on identifying each of these signatures in the event.

3.1.1 Central Electrons

For central electrons (|n| < 1), we search for tracks found in the COT. The track quality can

be quantified by counting the number of hits associated with the charged particle track.
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We typically count the number of individual hits seen in each superlayer: if seven or more
out of the twelve wires receive a significant signal, we consider that superlayer segment
as part of the track. We can then place cuts on the number of axial and stereo segments
contained in the track: typically 3 axial segments and 2 stereo segments gives a track of
good quality. With a reconstructed track, we also extrapolate and find the z coordinate of
where the track intersects with the beamline in the r-z plane. We can require this quantity,
the track zp, to be consistent with the location of the luminous region: within 60 cm of the
detector’s center.

Central electrons should also leave energy in the CEM. Electron clusters are formed
by searching for calorimeter towers with EM E; > 2 GeV and a COT track pointing to
the same tower. One additional tower may be included in the electron cluster if is on the
same ¢ wedge and adjacent to the seed tower in 7. Since electrons should deposit little
energy in the CHA, the electron cluster is required to have a total hadronic energy that is
less than 12.5% of the electromagnetic energy.

Once we have identified an electromagnetic cluster, quality requirements can be made
on variables that distinguish electrons from photons or jets. Typically, a stricter require-
ment on the ratio of hadronic to electromagnetic energy is made: Exap/Eem < 0.055 +
0.00045 - E [GeV]. Also, we can require the electron to be “isolated” in the calorimeter:
that any other energy in a cone of AR = /(An)2 + (A¢)2 < 0.4 is less than 10% of the Er
of the electron.

For electrons with well-reconstructed tracks, we can examine the ratio of the electro-
magnetic energy to the momentum of the COT track: E/p. For relativistic electrons, this
quantity should be 1, while photons without a COT track associated to them (or an es-
sentially random COT track associated with them) will typically have much higher E/p.
However, high-energy electrons may emit a collinear photon in the tracking volume that

decreases the track momentum. For our highest-quality electron selection, we place a cut
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on E/p at less than 2.5 plus some small fraction of the track pr.

Finally, we can place cuts based on properties of the electromagnetic shower. The
lateral shower profile can be compared with test-beam data, and a varaible Lg,, [46] can
be used to check consistency with the expected behavior of electrons. Also, with a re-
constructed COT track, we can match properties of the track to the location of the center
of shower maximum in the CES. We can measure the distance in the r-¢ plane between
the extrapolated COT track location and the cluster in the CES, Q - Axces (it is multi-
plied by the charge of the track to account for asymmetries in the tail of the track from
bremsstrahlung), as well as the distance in the r-z plane, Azggs.

We define three different types of central electron: Tight Central Electron (TCE), Loose
Central Electron (LCE), and Central Trackless Electron objects (CTE). The requirements
for an electron to be classified as one of these types are given in Tab. 3.1. TCE objects
are our highest quality central electrons. The LCE selection removes some of the quality
requirements on the shower profile and E/p. A CTE object is, basically, an electromag-
netic cluster with a track of minimal quality pointing to it (so, despite their name, they are

not truly trackless). These electron classes are forced to be mutually exclusive.

3.1.2 Forward (Plug) Electrons

For forward regions of the detector (|n| > 1), the COT does not provide full coverage,
and so we cannot solely rely on COT tracks for electrons in this region. We can, instead,
search for hits in the silicon detectors, which owing to their position close to the beam line
provide much greater 7, coverage. These “PHOENIX” tracks can be matched to clusters
in the PEM, and thus improve electron identification in forward regions of the detector.
We only consider electrons with || < 2.8, as beyond this region the calorimeter is not

modeled as well, and there are an increased number of hadronic jets that can fake our
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electron selection.

Similar to how we form electron clusters in the CEM, we also form such clusters in
the PEM. Here, we allow the clusters to contain a seed tower plus two additional towers,
adjacent in n or ¢ to the seed. As in the central electron selection, electron clusters in
the PEM are required to have a total hadronic energy that is less than 0.125 times the
electromagnetic energy. We can place cuts similar to the central electron selections: we
typically require Eqap/Eem < 0.05 and that the cluster be isolated. Additionally, we can
look at a 3 x 3 array of towers around the seed tower, and determine if the distribution of
energies in this array is consistent with the what we expect for electrons based on test-
beam data via a x4, comparison. We also may consider showering information from the
PES detectors, looking at how well the shower profile matches the energy distribution in
the PEM towers. This can be checked in both sets of PES strips (labeled v and v).

We define two different types of forward electrons: those with silicon hits associated
with a high-energy PEM cluster and those without such a track. The former we call
PHOENIX (or PHX) electrons, while the latter we call simply plug electromagnetic (PEM)
objects. A summary of the cuts and requirements for these electron types is shown in

Tab. 3.2.

PHX PEM
In|range 1.13 < |n| <24 113 <|n <28

EHAD/EEM < 0.05 < 0.05

Iso. Ratio (AR < 0.4) < 0.1 < 0.1

X361 <25 <25
PES(u) 5 x 9 Shower Profile Ratio < 0.65 < 0.65
PES(v) 5 x 9 Shower Profile Ratio < 0.65 < 0.65

AR btw. PES and PEM Cluster <3.0cm <3.0cm
Nyits in silicon >3
Track |z| < 60cm

Table 3.2: Summary of the cuts on electromagnetic clusters used to define our forward
(or plug) electron types in this analysis.
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3.2 Muons

High-energy muons and antimuons (again, we will hereafter call all such objects “muons”)
should leave the following signature as they pass through the detector: a charged par-
ticle track in the silicon and COT, very little energy in the electromagnetic and hadronic
calorimeters, and hits in the muon detectors sitting outside the calorimeter if the muons
are traveling towards those detectors. Thus, an essential part to muon reconstruction is
finding a high-quality track that points to little energy in the calorimeters. The presence of
hits in the muon detectors associated with that track provide higher assurances that this
track is from a muon.

The track requirements for central muons mirror many of the requirements of central
electrons: we require a number of axial and stereo COT segments to contain the track
and that the track z, lie within the luminous region of the beam line. However, we require
additional constraints on central muon tracks. We can reconstruct the impact parameter,
do of that track with respect to the beam line. High-pr muons produced in the primary
pp interaction should have dy ~ 0, while muons from K or 7 meson decays or from
cosmic rays may have much higher impact parameters. The cut we place on the impact
parameter depends on whether or not silicon hits are attached to the COT track; if they
are, the impact parameter resolution is much improved. Additionally, for muons not from
the primary pp interaction, the track fit will be of worse quality—we can place a cut on the
x2 of the fit to the track to reduce contributions from these muons. We also place caps on
the energy in the electromagnetic and hadronic calorimeter near the reconstructed track.

We define muon types largely by the muon detector (CMU, CMP, or CMX), if any, where
they leave hits. Because the n coverage of the CMU and CMP detectors overlap, we also
define a high-quality class of muons labeled “CMUP”. We match stubs to tracks in the

r-¢ plane, and look at the distance between stub hits and the track: AX. The matching is
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required to be within about 7 cm. Additionally, for muons matched to hits on the CMX, we
require the track pass through all eight COT superlayers by placing a requirement on the

“exit radius” of the COT track, defined as

pcor = (Zcor — 2p) - tan b,

where zqor is the distance from the edge of the COT to the center of the detector: +155 cm
forn > 0, and —155 cm for n < 0. A requirement that pcor < 140 cm ensures that the
track passes through a region that best matches the requirements of some of the high-pr
muon triggers.

We also look for muons that do not leave hits in the muon detectors, increasing our
acceptance beyond the limited coverage of the muon detectors. For these “stubless”
muons, we require there be a small amount of energy in the calorimeter (100 MeV) as
muons should leave a small amount of energy as they pass through. For the forward
regions of the detector, we require stubless muons leave well reconstructed track hits in
60% of the COT layers that the track should, based on its 7. pass through. We additionally
place caps on the electromagnetic and hadronic energies in the calorimeter, to reduce the
number of jets that may fake these cuts. These central and forward stubless muons are
called “CMIOCES” and “CMIOPES” muons, respectively.

Finally, we accept a class of objects that are simply well-reconstructed tracks that point
to cracks in the calorimeter. These cracks may be between calorimeter tower wedges,
between the two halves of the central calorimeter (at n = 0), or between the central and
plug calorimeters. The tracks are simply required to not point to active regions in the CEM
or PEM calorimeter, and that they, like electrons, pass calorimeter isolation requirements.
These “Crack Track” (CrkTrk) objects may be either electrons or muons.

Tab. 3.3 contains a summary of the common requirements on our muon/CrkTrk ob-
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jects, Tab. 3.4 summarizes the additional individual requirements on each of the stubbed
muon types, and Tab. 3.5 the requirements on the stubless central muons and CrkTrk

objects. Tab. 3.6 summarizes the requirements on stubless forward muons.

Common Central Muon/CrkTrk Cuts
N Axial COT Seg. > 3
N Stereo COT Seg. > 2
Corrected dp < 0.02 cm (< 0.2 cm if no silicon hits attached)
Track |z5] < 60 cm
x?/ n.d.o.f. < 3.0
Eem < 2.0 GeV + 0.0115 x (p [GeV/c] —100GeV/c)T
Enap < 6.0 GeV + 0.028 x (p [GeV/c] —100GeVic)f

Table 3.3: Summary of the common requirements for central muons and CrkTrk objects.
Additional requirements for each of the muon objects are listed in Tab. 3.4 and Tab. 3.5.

*This requirement is loosened to < 4.0 for earlier runs.
"The additional leeway on the energy limits in the calorimeter applies only to tracks with p > 100 GeV/c.

3.3 Quarks and Gluons: Jets

Quarks and gluons (or “partons”) do not appear as individual particles when they are
produced in particle colliders due to the confinement properties of the strong force. In-
stead, single quarks and gluons will form showers of color-neutral mesons and baryons.
This process, called hadronization, leads to the formation of “jets” of particles clustered
together. This cluster of particles may leave a number of tracks in the tracking chamber,
and then leave large clusters of energy in both the electromagnetic and hadronic portions
of calorimeter towers. At CDF, we must identify the towers that form these jets, measure
their energy properly, and then correct the energy of the jet to the match the energy of the
originating parton. The jet clustering and energy corrections are described in this section
and Chap. 5, respectively, and are described in further detail in [47] and [48].

Calorimeter towers are typically clustered to form jets using the JETCLU fixed-size cone
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CMIOCES CrkTrk
2/ n.d.o.f < 3.0 < 3.0
Track Fiducial to CEM? Yes No
Track Fiducial to PEM? No No
Eevinap > 100 MeV > 100 MeV
Iso. Ratio (AR < 0.4) < 0.1

Table 3.5: Summary of the individual requirements for stubless central muons and CrkTrk
objects. Each muon type also satisfies the requirements in Tab. 3.3.

CMIOPES Definition
Corrected dp < 0.02 cm (< 0.2 cm if no silicon hits attached)
Track |z5| < 60 cm
CQOT Hit Fraction > 0.6
Eenm < 2.0 GeV +0.0115 x (p [GeV/c] —100GeVic)*
Enap < 6.0 GeV + 0.028 x (p [GeV/c] —100GeV/c)*
EEM+HAD > 100 MeV
Track Fiducial to PEM

Table 3.6: Summary of requirements for tracks to pass our stubless forward requirements
(CMIOPES). (*) The additional leeway on the energy limits in the calorimeter applies only
to tracks with p > 100 GeV/c.

*The additional leeway on the energy limits in the calorimeter applies only to tracks with p > 100 GeV/c.
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algorithm [47]. For each event, all towers with Er = E sin = (Egy+Epag) Sinf > 1 GeV are
collected in a seed tower list, sorted by decreasing tower Er. Jets are formed by adding
to the seed tower all towers within a given AR (the cone size) and with Er > 1 GeV, giving

an initial list of clusters. For each cluster, an E7¢t, ® and ¢ are defined as follows:

Ntow

jet .
E7® = E Eri;
i=0

Ntow

. E+:. ¢
t T,i i
¢Je = Z ETjet :

i=0

Here, Ny, is the number of towers associated with each cluster, and Er;, n;, and ¢; are
the transverse energy and position coordinates of tower i. If any jets overlap, they are
merged if their overlapping towers make up more than 50% of each jet, otherwise each
tower is assigned to the nearest jet. Once an initial list of jets is formed, the jet position
coordinates serve as new seeds, and a new list of towers within the cone size is formed
for each jet. The process of clustering and determining new jets is repeated until the

towers in each cluster is stable. The final jet variables are then defined as follows:

Ntow

EFt = Z E;,
i=0

. Ntow
pd® = Eisint;cos¢; ;

i=0

Ntow
p,o = Z E;sin6;sin ¢; ;

i=0
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N tow

P/ =" Eicosb; ;

i=0

pr* = /(o) + (0,7 ;

jet
jet _ p.V .
¢~ =tan Do
sin i€t = : pyje.t — ; and,
V(%) + (py1#)2 + (pet)2
E®t = E*tgjn giet |

After the formation of jets using the clustering algorithm, a number of energy corrections,
described in Chap. 5, are applied to jets with E; > 8 GeV. The energy before corrections is
called the “raw” energy, while the energy after corrections is called the “corrected” energy.
Most of the jets used in this ZW /ZZ — ¢*¢~ + jj analysis have a cone size of R = 0.4, and
have corrected Er > 25 GeV and |n| < 2.0. Some portions of the analysis look at jets
down to 15 GeV in transverse energy and |n| up to 2.4, but jets beyond these boundaries

are not as well modeled in our Monte Carlo simulations.

3.4 Neutrinos: Missing Transverse Energy

Neutrinos are not a part of our main analysis selection, but we do use W — /v and
tt — W+*bW~-b — bblvqq selections as calibration regions for some of the new tools
developed for our analysis. Neutrinos interact with matter, but they do so at a rate so low
that we may assume neutrinos escape without depositing any energy in our detector. In
order to try to select events with a neutrino, we make use of the fact that the incoming
protons and antiprotons have only momentum in the z direction. While we do not know
the total p, of the partons that take part in the primary interaction, we do know that the pr

of these partons is approximately zero. Thus, momentum in the transverse plane should
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be conserved. A significant imbalance in the total transverse momentum would indicate
that a particle produced in the collision escaped detection.
We define “missing energy” variables by taking the negative of the sum over all calorime-

ter towers (/) in the event:

. =—> Ericosg
Ey = — Z ET,,-sin ¢,’ .
i

With these quantities we may define a missing transverse energy vector, fr = Fi+ Eyi,
whose magnitude, £r, we call the missing transverse energy (or “MET”). Due to jet energy
corrections, we must also “correct” this quantity to account for these corrections—the cor-
rections are made up to the absolute jet energy scale (see Chap. 5, especially Sec. 5.4).
We also correct the Er to account for identified muons in the event, as muons carry
momentum that is largely unseen by the calorimeter. We associate this final, corrected
missing energy with the pr of an escaping particle, like a neutrino.

However, Er can also be created in events with multiple jets where one or more jet
energies are not accurately measured, as this will create a “fake” momentum imbalance.
While it is unlikely for such an event to yield large Er—enough to mimic a neutrino or
multiple neutrinos—the production cross section for multijet production is very high, and
thus can become a significant backgrounds to events with “real” Er. Thus, we may also
consider the Er-significance [31], a dimensionless quantity that characterizes how signif-
icant the reconstructed £t is compared to typical £r contributions from the poor energy
resolution of jets, the presence of soft, unclustered particles, and to variations in event

topologies.
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CHAPTER 4
EVENT SELECTION AND MODELING

With the Tevatron having finished operations in September of 2011, we can perform this
search for ZW/ZZ production in the charged leptons + jets channel using the full collec-
tion of pp collisions taken by the CDF Il detector. Because we depend on the identification
of both electrons and muons in our analysis, and we rely on the silicon detectors to im-
prove our ability to identify b jets (see Chap. 6), we require the data to come from periods
of operation when the calorimeter, muon detectors, and silicon detectors were all func-

tioning properly. The integrated luminosity of this final dataset is 8.9 fo—.

4.1 Trigger Selection Requirements

As discussed in Sec. 2.2.5, it is impossible to permanently record every pp collision that
takes place in CDF. Due to their distinct signatures in the detector, high-pr leptons are
often used to identify physical processes of interest and separate them from the high
multijet backgrounds at hadron colliders. High-pr leptons are used in many analyses at
CDF: in studies of the top quark, the W and Z bosons, and in searches for the Higgs
boson and physics beyond the Standard Model. Thus, triggering on high-pr electrons
and muons is a priority for the experiment.

We use data collected on a suite of high-pr lepton triggers. The triggers with the

largest contributions are:

e a central electron trigger that requires at least one electromagnetic cluster in the

CEM matched to a high-pr (> 18 GeV/c) COT track;
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e a “Z No-Track” trigger that requires at least two electromagnetic clusters (in either

the CEM or PEM) whose energies are consistent with being from a Z boson decay;

e and, central muon triggers that require at least one high-pr (> 18 GeV/c) COT track

matched to hits in the CMU and CMP or CMX detectors.

Additional triggers that accept other leptons (like muons which only leave hits in the CMU
or CMP detectors) or leptons in association with other objects (like a lepton with a jet)
also contribute to our sample. Some triggers in this selection are also pre-scaled, where
only a fraction of the total number of events passing the trigger requirements are written
to tape. This acceptance across a number of different triggers leads to an increase in the

overall acceptance for our diboson signal.

4.2 Selection Requirements

The Feynman diagrams for ZW /ZZ production and decay to the ¢*¢~ + jj final state are
shown in Fig. 1.5. Our final state contains two oppositely-charged high-pr leptons from
the decay of a Z boson, and two (quark) jets from the decay of a W or Z boson. We
include both W and Z boson decays because the resolution of the calorimeter does not
allow us to distinguish between hadronic decays of the W boson (my = 80.4 GeV/c?) and
the Z boson (mz = 91.2 GeV/c?).

The details of the event selection are summarized in Tab. 4.1. We demand both lep-
tons have pr > 20 GeV/c, so as to be in a kinematic region where the triggers are
highly efficient. We require there to be a reconstructed interaction vertex in the lumi-
nous region of the detector, and that the individual leptons’ reconstructed crossing point
with the beamline, zy, be within 5 cm of each other for leptons with well reconstructed
tracks: central electrons and all muons. Due to the poorer tracking information on for-

ward electrons, we remove this requirement on electron pairs containing a PHX or PEM
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electron. Similarly, we require lepton pairs with well-reconstructed tracks to have opposite
charge. Most importantly, leptons are required to have a reconstructed dilepton mass in

a 30 GeV/c?window around the Z boson mass: 76 GeV/c? < M, < 106 GeV/c?.

Z + jets Selection
Nvert >0
|zo| < 60 cm
Lepton pair from Tab. 4.3
Az, between leptons < 5 cm*
Leptons oppositely charged*
1st/2"d |epton pr > 20 GeV/c
76 GeV/c? < My, < 106 GeV/c?
Fr <20 GeV
1st/2nd jet Er > 25 GeV
18/2M jet |n| < 2.0
AR between jets and any lepton > 0.4
AR between jets > 0.7

Table 4.1: Summary of event selection requirements in the analysis.

*Only applied to central electron and muon pairs.

For the selection of the hadronically decaying W or Z boson, we require there be at
least two jets with Er > 25 GeV. This energy is the jet energy after all corrections to
the jet energy scale have been applied, described in detail in Chap. 5. We order jets in
Er in the event, so the “first” jet is the highest-E+ jet, and the “second” jet the second-
highest in E7. These jets are also required to be within a well-reconstructed portion of the
detector, with || < 2. Furthermore, we require that the jets not overlap with one of the
reconstructed leptons by requiring the AR between the leptons and any jet to be greater
than the cone-size of the jet, 0.4. We also require that the jets be well-separated from
each other, with AR between jets > 0.7—the increased separation is motivated by the
use of a quark-gluon discriminant (see Chap. 7) that looks at tower and track information
within a cone of R= 0.7 around the jet.

Finally, because our final state should contain no objects that fail to be reconstructed
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in the detector, we also require the missing transverse energy (£r) be less than 20 GeV.

4.3 Background and Signal Modeling

After applying the selection from Tab. 4.1, we have three major background contributions
to the sample: events with a Z — ¢+¢~ decay plus additional jets; tt production, where
the decay chain is tt — W*bW~b — (*1,bl~17,b (which is suppressed but not eliminated
by the Er cut); and, events where one or both leptons are “faked” by jets that satisfy the
electron or muon selection requirements. The former two backgrounds, along with our
ZW /ZZ signal, are modeled using Monte Carlo (MC) simulations, while the events with
fake leptons are modeled using a data-driven method. The details of the modeling are

described below.

4.3.1 Monte Carlo Simulations

The dominant background in our ZW/ZZ search is from the leptonic decay of a Z boson
produced in association with two jets. We model this background using MC simulations
generated using ALPGEN [49] version 2.10. ALPGEN is a leading-order (LO) matrix ele-
ment calculator and event generator, focused specifically on modeling multiparton final
states. Z + n parton final states are generated separately for varying n, and then these
events are interfaced with another MC program, PYTHIA [50] (version 6.216), which per-
forms the evolution of the parton shower into its final state particles. A matching scheme
accounts for ambiguities between partons generated in the initial interaction and those
produced in the parton shower, avoiding double-counting.

We apply a k-factor of 1.4 to the predicted cross section from ALPGEN to account
for next-to-leading-order effects (NLO) that increase the Z + jets cross section, and we

apply an additional k-factor of 2.0 to Z + bb processes to agree with measurements of the
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Z+b jet cross section [51]. While the largest cross section exists for the mediating Z boson
to have a mass at mz = 91.2 GeV/c?, we include contributions from Drell-Yan production
where the mediator is off-shell. We analyze samples with v/Z* mass down to 20 GeV/c?,
and up to 400 GeV/c?, though the cut on my, greatly suppresses any contributions outside
our Z mass window.

We use simulations generated using PYTHIA alone to model our tf background and our
diboson signal samples. Our tt sample assumes a top mass of m; = 172.5 GeV/c?, very
close to the current world average value of 173.5 GeV/c? [18]. We assign a production
cross section of o; = 7.5 pb. The top sample we use is an inclusive sample containing
all possible decays of the W bosons produced, not only the leptonic decays. Our diboson
samples are also inclusive decay samples, and include a generated v/Z* mass down to
2 GeV/c? (the W boson is required to be on-shell). We use the predicted cross sections
according to [19], owz = 3.7 pb and o7z = 1.4 pb for mz. > 40 GeV/c? (see [31]), scaling
our generated MC accordingly.

All MC samples are generated using the CTEQ6M [52] parton distribution functions.
After event generation, the simulated events are run through a GEANT3 [53] simulation
of the CDF detector. GFLASH [54] is used to speed-up the simulation of particle showers
in the calorimeter. A complete list of the various MC samples used in this analysis is
provided in App. A.

Monte Carlo simulations are generated using an instantaneous luminosity profile of
a particular run range: there are “low-luminosity” samples that correspond to early peri-
ods of data-taking, while “high-luminosity” samples were generated mimicking later data,
when the instantaneous luminosity provided by the Tevatron was higher. Still, the luminos-
ity profile of our MC samples does not perfectly match that of our data. We account for this
by applying a weight to MC events according to the number of reconstructed interaction

vertices, Ny, a stand-in for the instantaneous luminosity (and a variable that captures
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the effects of pileup of multiple interactions). This reweighting factor is determined by
comparing the distribution of N in data and MC in a sample of Z — ¢*/~ events before
any cuts on the jets in the event or the £ have been applied, so as not to bias the Ny

distribution.

4.3.2 “Fake” Leptons

Another significant background results from jets that pass the lepton selection cuts de-
scribed in Secs. 3.1 and 3.2. These jets are thus misidentified as leptons, and we call
them “fake” leptons, or simply “Fakes”. The contributions from these lepton fakes are esti-
mated via a data-driven method, but this method is different for muons and electrons. For
the former, we use events with same-sign muon pairs (rather than opposite-sign) that oth-
erwise satisfy all of our event selection requirements. The reconstructed charge for jets
faking muons should be uncorrelated with the charge of another muon in the event, so
the contribution from same-sign fakes should be the same as that of opposite-sign fakes.
Since we expect no major physics backgrounds to our same-sign sample, we may simply
use it to model our muon fakes.

In order to estimate the number of events in our sample where a jet fakes an electron,
we construct a “fake rate” that corresponds to the likelihood a jet with a certain Er and n
will fake our electron selections. To determine this fake rate, we look at data from three jet
triggers: Jet50, Jet70, and Jet100, where the trigger object is a calorimeter jet with Er
greater than 50 GeV, 70 GeV, and 100 GeV, respectively. The former two triggers have a
pre-scale applied.

In these samples, we search for all jets with |n| < 2.8 (which matches the coverage of
PEM objects) and EM fraction < 0.9 in bins of Er and n. The number of such jets forms the

denominator of our fake rate. For the numerator, we count all identified leptons matched
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to a jet (where we drop the EM fraction cut). In all cases, we ignore the highest energy
jet in the event, so as not to be biased by the trigger. Also, we reduce the number of real
electrons in these events from W+ — e*v and Z — e*e~ decays by removing events
with £r > 15 GeV (removing W decays) and those with more than one identified lepton
(removing Z decays). Remaining contributions from W and Z production are modeled
with PYTHIA Monte Carlo samples, and are subtracted from the numerator of our fake

rate. The overall fake rate is then

(Ng*® — N&°)(Er, m)

‘F(ET,U) B Njets(ETan) ’

(4.1)

where ND3@ is the number of “electrons” matched to jets in the jet-triggered data (and
thus are largely fake electrons), NMC is the number of electrons expected from W and Z
production, and N is the total number of jets in the jet-triggered data.

The fake rates calculated with data from the three jet triggers, integrated over n, are
shown in Figure 4.1. In our analysis, we use the Jet70 fake rates, assigning a 50%
systematic uncertainty to cover any discrepancies between triggers. These differences
may be from some residual trigger bias, or from some difference in the quark and gluon
content of the samples. We expect quark jets to be more likely to fake electrons because
they are more collimated than gluon jets.

To use our fake rates to estimate the number of fake electrons in our sample, we
identify e-jet pairs (instead of e-e pairs; the jets are required to have || < 2.8 and EM
fraction < 0.9) in the high-pr electron dataset, and assign ]-“(E‘f‘, n®) as a weight to these
e-jet pairs. After this weight is applied, we treat that jet as we would any other electron,
and then require the event to pass all requirements in Tab. 4.1. We consider each e-jet
pair multiple times, applying the the fake rate for all electron types that may apply to the

jet. Also, since there may be multiple jets in an event, we consider all possible e-jet pairs
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Figure 4.1: Fake rates calculated from jet data for our electron categories (from top left,
moving right and down: TCE, LCE, CTE, PHX, and PEM). The shaded region corre-

sponds to a 50% uncertainty on the Jet70 fake rates.

in the event.

The jets are treated exactly like electrons with one exception: we scale the energy of

the jet down, because if a jet with cone-size R = 0.4 and a given energy fakes an electron,
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that electron will have a smaller energy than the original jet. We determine this energy
scaling by comparing jet energies and the matched electron energies in the jet data, fitting

the electron E7 as a linear function of the jet Er with a turn-on curve near 20 GeV:

(a- EX' - b)
(1 + e~ C(EF-d)

Eglectron _ +20 [GeV]. (4.2)
These relationships are shown in Fig. 4.2. Some jets with low energies look like they are
not modeled well in the fit, but this is largely due to low statistics as it is unlikely for a
20 GeV jet to fake a 20 GeV/c lepton. Such jets are assigned fake rates at practically
zero, therefore their contribution is negligible.

The method described above for applying the fake rates to e-jet pairs works well for
modeling events where there is one real electron (likely from a leptonic W decay) and
one fake electron. However, it does not correctly model the number of events where both
electrons are faked by jets. To illustrate this, suppose we have an event with N; jets.
Ignoring the complications of the E7/n binning, the likelihood exactly one electron being
faked by this set of jets is

Ni=F-N;. (4.3)

The likelihood of two electrons being faked has a combinatoric factor applied:

= 2—= .
No =7 2. (N, —2)! 2

(4.4)

Comparing Eq. 4.3 and Eq. 4.4, it’s easy to see that N, # FN;, which is what the modeling
described previously assumes. Thus, for events where the two electrons are both fake
electrons from jets, we must apply an additional factor of (N; — 1)/2. Note that here, N,
is the total number of jets in an event, assuming all electrons are also jets. Thus, our

selection in Tab. 4.1 requires N; > 4. In truth, our selection has < N; >= 4.3, thus would
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Figure 4.2: The matched electron E7 as a function of the jet E7 in Jet70 data, used to
determine the approximate scale of jet energy to their faked lepton energy in the high-pr
electron datasets. From top left moving right and down: TCE, LCE, CTE, PHX, and PEM.
The red line represents a fit to the data. Some bins at low jet energies look like they are
not modeled well in the fit, but these bins contain a small number of events, and thus are
assigned fake rates at practically zero, therefore their contribution is negligible.
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need a correction factor of ~ 1.65, assuming all fake electron events come from these
double-fake events. This turns out to be a good assumption when requiring £r < 20 GeV,

based on comparisons of data and W+ jets MC.

4.4 Scale Factors from Z + 1 Comparisons

Our Monte Carlo simulation does not always accurately model important factors that affect
the number of data events we see. For instance, the MC does not have a trigger applied
to it, and so a non-unity trigger efficiency can lead to fewer data events than is modeled
by the MC. Also, the MC may not correctly model the identification and reconstruction
efficiencies for an electron or muon to fall into one of the definitions in Secs. 3.1 and
3.2. While it is possible to measure these quantities independently, our holistic trigger
selection and the variety of lepton definitions make it simpler to compare data and MC in

a separate sample dominated by background events.

Z + 1 jet Selection, for Lepton-Pair Scale Factors
Nvert >0
|zg| < 60 cm
AZzy between leptons < 5 cm*
Leptons oppositely charged*
1st/2"d |epton pr > 20 GeV/c
76 GeV/c? < My, < 106 GeV/c?
Z pr>10GeV/c
ET < 20 GeV
Niets > 20 GeV =1
|miet| < 2.4
AR between jet and any lepton > 0.4

Table 4.2: Summary of event selection for determining lepton-pair scale factors.

*Only applied to central electron and muon pairs.

We determine these scale factors in a Z + 1 jet selection. The requirements for this

selection are similar to those in Tab. 4.1, and are summarized in Tab. 4.2. The resulting
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scale factor to have the MC agree with the data is then

ke Ndata - Nfakes
SF = ——@x; >

where Nyata, Nakes, and Nyc are the number of events in data, the estimated number of
fake lepton events, and the estimated number of events from MC, respectively. The scale
factors are determined per lepton-pair, and listed in Tab. 4.3. These scale factors are

applied as a weight to each MC event individually.

4.5 Z +2 Jet Signal Region Comparisons

We apply the selection requirements in Tab. 4.1 to both the data and background selec-
tion. The total number of events after selection is summarized in Tab. 4.4. Overall, we
see good agreement between the data and MC, with a difference in the total number of

expected and observed events at less than 2%.

4.5.1 Comparisons of Leptonic Variables

Figs. 4.3-4.6 show distributions of some of the leptonic variables. We include absolute
comparisons alongside comparisons where the number of events has been normalized
to unity, in order to better compare the shape. In the final fit for signal events, the Z + jets
cross section will be allowed to vary unconstrained, and so may move to cover any dis-
crepancy in the total number of expected events. Thus, these shape comparisons are in
many ways more indicative of the agreement between data and our modeling in terms of
the final result. We see some mismodeling of the resolution of lepton energies, evident in
the comparison of the Z mass, due to small muon track pr resolution differences between

data and MC. Overall the data and MC agree well.
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Muon-Pair Categories  ksr
CMUP-CMUP 0.813

CMUP-CMU 1.150
CMUP-CMP 0.810
CMUP-CMX 0.915

CMUP-CMIOCES  0.992
CMUP-CMIOPES  0.716
CMUP-CrkTrk 0.830

: : CMU-CMU 0.725

Electron-Pair Categories  ksr
CMU-CMP 0.756

TCE-TCE 1.090
TCE-LCE 1108 CMU-CMX 1.205
CMU-CMIOCES 0.678

TCE-CTE 1.091
CMU-CMIOPES 0.405

TCE-PHX 1.012
CMU-CrkTrk 0.464

TCE-PEM 1.153
CMP-CMP 0.552

TCE-CrkTrk 0.847
CMP-CMX 0.875

LCE-CrkTrk 0.774
CTE-CrkTrk 0.733 CMP-CMIOCES 0.537
CMP-CMIOPES 0.332
CMP-CrkTrk 0.414
CMX-CMX 0.985

CMX-CMIOCES 1.119
CMX-CMIOPES 0.760
CMX-CrkTrk 0.837
CMIOCES-CMIOCES 0.280
CMIOCES-CMIOPES 0.123
CMIOCES-CrkTrk ~ 0.165

Table 4.3: List of lepton category pairs used in this analysis, along with the necessary
Monte Carlo scale factors that incorporate trigger efficiencies and ID reconstruction effi-
ciencies. Categories which do not require oppositely charge leptons are italicized. See
Sec. 3.1 and 3.2, which contains a description of each lepton definition.

4.5.2 Comparisons of Jet Variables

Distributions of some jet variables are shown in Figs. 4.7-4.12. We generally see good
agreement between data and MC, taking into account the slight normalization differences

between the two. There are a couple items of note.

e The dijet mass distribution (see Fig. 4.7), which we fit to in order to extract our

ZW /ZZ signal, is reasonably well-modeled, but the data has a somewhat broader
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e-e Events - Events All Events
Z + jets 5216 £ 670 3609 +463 8825+ 1133

Z + bjets 417 +£175 311 +£130 728 + 305

tt 576 +0.56 3.98+0.39 9.74+0.95

Fakes 348 £ 174 3+1.7 351+ 174

Expected ZW/ZZ | 184 +17 131 +£12 315+ 29
Total Expected 6171 £ 774 4058 +£509 10228 + 1284
Data 5990 4049 10039

Table 4.4: The number of events in the Z + 2 jet signal region. The uncertainties are
described in further detail in Sec. 8.2. In this table, we take an uncertainty on the Z + jets
and ZW/ZZ cross section of 10% and 6%, respectively.
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Figure 4.3: The distribution of dilepton mass in the Z + 2 jet signal region, in linear scale
(left) and normalized (right). The number of events from each contributing sample in the
prediction, and the number of observed data, is given in Table 4.4.

dijet mass spectrum than the background model.

e The model of the Et of the jets (Fig. 4.8) agrees well at high jet Er, but has a slight

deficit at lower jet energies.

e The most significant mismodeling we see is in the 7 of the sub-leading jet (Fig. 4.9),

where we see a larger number of forward jets in data than in our background model.

However, this discrepancy is not present in the leading jet, and is rather minor. Other

kinematic variables related to the jet 7, like the AR between jets (Fig. 4.10), are well-

64



CDF Run Il Preliminary
ZWizz-lljj, L= 8.9 fb™!

CDF Run Il Preliminary —— Data
£ [ - - - - 1 - - - 1 ] 2Wizzol, [L =89 o ) "|— Background
L 500 - N o015 — Signal
2 L ] -o- Data S 9
E - 1 |IMWZ+Z2Z §
L ] (g g
1000~ — -Z +b lets § 0.1 —
i ] |MZ+jets 8
L ] <
r 1 Il Fakes 2
500}— — 0.05 1
e . = I R . |
15/ 50 100 150
1°' Lepton p_ [GeV/c] 1°! Lepton p_ [GeV/c]
T T

Figure 4.4: The leading lepton pr in the Z + 2 jet signal region, in linear scale (left) and
normalized (right).
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Figure 4.5: The sub-leading lepton pr in the Z + 2 jet signal region, in linear scale (left)
and normalized (right).

modeled.

e The dijet pr (Fig. 4.12), is particularly well-modeled.
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Figure 4.6: The reconstructed Z pr in the Z + 2 jet signal region, in linear scale (left) and
normalized (right).
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Figure 4.7: The distribution of dijet mass in the Z + 2 jet signal region, with MC scaled to
the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure 4.8: The distribution of the leading jet E7 in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (top left) and with the distributions normalized to unity (top
right), and the second leading jet E+ (bottom row).
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right), and the second leading jet n (bottom row).
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Figure 4.10: The distribution of AR between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure 4.11: The distribution of A¢ between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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the data’s luminosity (left) and with the distributions normalized to unity (right).
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CHAPTER 5
JET ENERGY CORRECTIONS

Hadronic jets resulting from the fragmentation of quarks and gluons are observed as
clusters of energy in the calorimeters. The jet clustering algorithm is described in further
detail in Sec. 3.3. However, many effects alter the measured jet energy so that it is
different from the actual energies of the particles making up the jet, and different from the
original energy of the parton that created the jet. The goal of the jet energy corrections at
CDEF is to take the initial jet energies and scale them so that they match the energy of the
particles that make up the jet, or so that they match the energy of that originating parton.
A cartoon outlining this process is shown in Fig. 5.1. In short, the parton’s transverse

momentum may be written as a series of corrections to the original jet pr:

prP" = {[pr® x Cy(pr'™, n) — Cui(Nwx)] X Caws(pr™) — Cue} x Cooc(pr™)

where

e C, is an n-dependent correction that normalizes the calorimeter response over its

entire n coverage;

e Cy is a correction for the existence of pileup in an event due to multiple pp interac-

tions per bunch crossing, based on the number of reconstructed interaction vertices;

e Caps is an “absolute” energy scale correction that takes the calorimeter jet energy

and scales it to the corresponding energy of the particles that make up the jet;
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e Cye is a correction due to the energy deposited in the calorimeter from the soft

initial-state radiation or from spectator quarks of the primary pp collision; and,

e Cooc is an “out-of-cone” correction that accounts for energy associated with the

originating parton that lies outside the fixed cone-size of our jets.

We describe these energy corrections in the following chapter (further detail on the calorime-
ter calibration and the above corrections is in [48]). In addition, we also derive a new cor-
rection for jets simulated in Monte Carlo based on whether the jet comes from a quark or

gluon. We describe the necessity for and determination of this jet correction in Sec. 5.6.

5.1 Calorimeter Energy Scale Calibration and Stability

Before any jet energy corrections are applied, we ensure that each of the calorimeters is
calibrated to maintain a stable response over time. The CEM energy scale is set so that
the Z boson mass measured from well-reconstructed Z — e*e~ decays agrees with the
mass measurement from LEP [56]. The PEM scale is set using using the reconstructed
mass from Z — e*e~ decays with one electron in the CEM and the other in the PEM. The
energy scale of the hadronic calorimeters (CHA, WHA, and PHA) is set by their response
to 50 GeV/c charged pions based on test beam data, using pions which do not interact
in the electromagnetic calorimeter sections. The total energy scale for each calorimeter
tower is simply the addition of the properly scaled electromagnetic and hadronic tower
energies.

The stability of the calorimeter is checked both online and offline. Generally the en-
ergy scale of the calorimeters decreases over time due to aging of the scintillators and
phototubes, but after calibrations the energy scale is kept stable. The CEM is monitored
over time by the checking the E/p for central electrons; the CHA and WHA are moni-

tored using a laser system, muons fom J/¢» — u*p~ decays, and from data taken with
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Figure 5.1: A cartoon [55] showing the various levels at which a jet's energy may be
represented. We measure clusters of energy in the calorimeter, and so after calibrations
and detector-dependent corrections, we can obtain properly measured calorimeter jets.
We may associate these calorimeter jets with the particles that make them up, which
together form a particle jet. Finally, when taking into account effects that may leave energy
outside the cone of the jet, we can correct the energy to the parton level.
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a minimum bias trigger; and, the PEM and PHA calorimeters are monitored with a laser
system and a radioactive Co®® source. Independent Z — e*e~ and W — v, samples
verify the electromagnetic and hadronic calorimeters’ stability, respectively (additionally,
the jet response in the PHA is used to check stability there). The uncertainty on CEM and
CHA stability is 0.3% and 1.5%. Thus, for a central jet which leaves 70% of its energy in
the CEM and 30% in the CHA, the uncertainty on the jet energy due to the calorimeter
stability is 0.5% [48].

5.2 r7-dependent Corrections

After the calibrations on the calorimeters’ energy scales, the response of the CDF calorime-
ter is still not uniform in . There are two main reasons for this. First, there are significant
gaps in the coverage of the calorimeter across 1. The central calorimeters were con-

structed in two halves, and where the halves come together at n = 0 there is a dead

region. Similarly, there is a gap between the central and plug calorimeters at n ~ +1.1

which leads to a loss in coverage. Thus, jets located within a AR = 0.4 of these regions

will have a lower measured energy than jets in other parts of the calorimeter. The second

reason for n dependencies comes from a difference in response between the plug and

central calorimeters. The n-dependent corrections account for these effects, and normal-

ize the calorimeter response to match that in the region 0.2 < || < 0.6.

The corrections are obtained using a “dijet balancing method”. The idea behind all
balancing methods is to identify events that contain only two objects: one well-measured,
and one “probe” object. If there is little other activity in the event, then these two objects
should balance in the transverse plane: i.e. the A¢ between them should be nearly 7, and
that the magnitude of their pr’s should be equal. Thus, we know that the pr of the probe

object should be the same as the well-measured one, and we can determine corrections
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on the energy of the probe object to make that the case.

For the determination of the n-dependent corrections, the well-measured object is a
“trigger jet”, a jet with 0.2 < |n| < 0.6. This jet is required to back-to-back with a second,
probe jet: A¢ > 2.7 rad. If a third jet is present in the event, it is required to have very little
energy (10 GeV or less, depending on the sample). There must also be no significant £r
in the event. Different corrections for data and MC are derived: in data, the corrections
come by looking at dijet balancing in a series of jet-triggered data, where the corrections
for higher Er jets come from higher-E jet triggered data; for MC, the corrections come

from a dijet sample generated using PYTHIA.

1.3
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ﬁdijet
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Figure 5.2: The dijet balance Bgjer = prPe 1t/ prligseriet in the dijet sample used to deter-
mine the n-dependent jet energy corrections. Here we show jets in data (black), PYTHIA
MC (red), and HERWIG MC (blue) [57] where the average pr of the probe and trigger jets
is between 55 GeV/c and 75 GeV/c. Other pr ranges are shown in [48].

Fig. 5.2 shows an example of the dijet balance Bgjer = prP™e 1t/ prligeeriet as a function
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of the probe jet’s 1 in both data and MC for events where the average pr of the probe and
trigger jets is between 55 GeV/c and 75 GeV/c. Corrections for jets are parameterized in
n and jet pr. The uncertainties on this correction come from limitations in the n and pr
parameterization, and from observed differences when varying the cuts on the energy of
the third jet and the Er-significance. The uncertainties on the n-dependent corrections of
jets with |n| < 2.0 are typically ~ 1.5% for jets with pr ~ 20 GeV/c, and ~ 0.5% for jets
with pr > 55 GeV/c.

5.3 Multiple pp Interaction Correction

Additional pp collisions may happen alongside a primary interaction in each bunch cross-
ing. Hadrons produced in these additional pp collisions, often called “pileup”, may end up
in jets from the primary interaction, and thus increase the measured energy of the jets.
The amount of pileup increases with the instantaneous luminosity, which is constantly
changing during a store. In order to have consistent energy measurements independent
of the instantaneous luminosity, we must correct for the effect of pileup.

We parameterize the amount of pileup using the number of reconstructed z-vertices,
N,. We then measure the average transverse energy in a cone from a minimum bias
data sample, and determine this average for different N,«. The results in cones of size
R = 0.4 are shown in Fig. 5.3. The cone is centered around a randomly selected seed
tower in the n range 0.2 < |n| < 0.6. The amount of energy per interaction vertex is
roughly linear, and is parameterized with a straight line: (Et) = 0.006 +0.356 x Ny [GeV].
(The intercept is not exactly zero, as we would expect it to be, due to inefficiencies in
finding vertices.) Therefore, each additional reconstructed vertex adds about 356 MeV
to each jet in the event, an energy we can then subtract out. The uncertainty on this

correction, coming from cross-checks in other data samples, is 15% ~ 50 MeV.
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Figure 5.3: The average Er in a jet with cone size R = 0.4 due to multiple interactions.
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5.4 Absolute Jet Energy Corrections

With accurate measurements of the energies of calorimeter jets, we then would like to
correct the jet energies so that they better reflect the energies of the stable particles pro-
duced in the hadronization. These particle jets are closer to the actual physical quantities
we would like to measure, and should be independent of properties of the CDF detector.
Thus, the energy scale for these particle jets is called the “absolute jet energy scale”.

Because we cannot reconstruct or accurately determine all of the particles in a jet in
the CDF detector, we rely on Monte Carlo simulations to obtain this correction. Using
a PYTHIA dijet MC sample, we obtain a probability density function for the probability of
observing a calorimeter jet with pri¢t given a particle jet of prP2i®, Stable particles (those
with lifetimes long enough to hit the calorimeters) are clustered into jets in a similar way to
how calorimeter towers are clustered, described in Sec. 3.3. The probability density func-
tion is then parameterized as a double-Guassian that is a function of (prPtc® — prlet). An
unbinned likelihood fit is used to determine the free parameters of the double-Gaussian,
which are allowed to vary linearly in prP2t®, The jets used to determine this correction
lie in the region 0.2 < |n| < 0.6, and are required to have the location of the centers of
their particle and calorimeter jets be within AR = 0.1.

The absolute energy corrections for cone-size R = 0.4 jets are shown in Fig. 5.4. For
low-pr jets, the correction is rather high — 20 GeV calorimeter jets are typically under-
measured with respect to the actual energy of the particles that produce them by about
35%. The correction is lower for higher-pr jets, approaching a constant value of about
1.12.

While the uncertainties for this correction in MC, where we can directly link the calorime-
ter and particle jets, are negligible, an uncertainty in the correction arises from the fact that

the particle jets in MC may not accurately represent those in data. We include uncertain-
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Figure 5.4: The absolute energy correction as a function of py®. The uncertainties are
shown in more detail in Fig. 5.5.
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ties from possible differences in the single-particle response in both the electromagnetic
and hadronic calorimeters, taken from measurements of that response in minimum bias
events with single isolated tracks pointing into the calorimeters. We also include uncer-
tainties in the fragmentation model, which may lead to differences in both the particle
multiplicity and momentum spectrum. An additional uncertainty arises from the calorime-
ter stability, which is known to 0.5%. The individual and total systematic uncertainties for

the absolute jet energy scale are shown in Fig. 5.5.
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Figure 5.5: The systematic uncertainties on the absolute energy correction as a function
of ijet'

One thing important to point out here: the derived corrections to the absolute energy
scale do not vary based on the original parton type. Jets originating from quarks and
those originating from gluons have distinct differences in their width, particle multiplicity,

particle momentum spectrum, and other variables that may affect the energy scale [58].
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This serves as a motivation for corrections to quark and gluon jets separately, but it is
impossible to do this in the data where, a priori (and often a posteriori), a jet’s progenitor
cannot be determined. Instead, we derive separate corrections to MC jets only based
on their originating parton. These corrections come after all other corrections, and are

described in Sec. 5.6.

5.5 Underlying Event and Out-of-Cone Energy Corrections

While the corrections to the absolute energy scale allow for comparisons of jets indepen-
dent of the CDF detector, the most fundamental quantity to reconstruct from a jet is the
original energy of the parton that created it. With this energy accurately determined, we
should obtain the best measurements for quantities like the invariant mass of a dijet sys-
tem. Corrections from the absolute energy scale to the parton energy need to account
for two main effects: first, additional energy reconstructed in jets coming from other el-
ements of the pp collision, like soft radiation from the collision’s hard-scattering partons,
or particles from interactions of spectator partons; second, energy lost outside the cone
of the reconstructed jet, due to final state radiation from a parton or from hadronization
that extends outside the cone size of the jet. Correcting for this underlying event and
out-of-cone element should bring us closer to the initial energy of the parton.

We derive these corrections simultaneously in a manner similar to the determination of
the absolute energy corrections. Using a PYTHIA dijet MC sample, we obtain a probability
density function for the probability of observing a particle jet with prPatc® given a parton
with prPae" - This probability density is parameterized as a double-Gaussian function
of (prPamon — prParticle) "and the parameters of the double-Gaussian are determined in a
similar way as described in Sec. 5.4. The corrections for jets with cone-size R = 0.4 are

shown in Fig. 5.6. The correction is about +18% for jets with absolute energy of ~ 20 GeV,
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and decreases asymptotically to about 2% for high-energy jets.
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Figure 5.6: The out-of-cone energy correction as a function of prPae the pr of the
particle jet to which we apply the correction.

The largest uncertainty on this correction comes from modeling differences in the out-
of-cone component of the correction between data and MC. These differences are deter-
mined in a photon-jet balancing sample, where a well-measured photon is compared to

the measured energy of the jet. We measure the transverse energy in rings around the

N 2 N 2
oo {5
i=1 i=1

where N is the number of towers between a radius of r; and r. around the center of the jet.

jet:

We compare the mean value of this quantity as a function of the corrected jet energies for

rn=1.3 and r, = 0.4 in data and MC, and see a difference of about 6% for low E7 jets that
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decreases to about 2% for larger jet energies. Additionally, smaller uncertainties come
from differences in the underlying event modeling in PYTHIA and HERWIG MC samples,
and from measuring the small amounts of energy that fall outside a cone of R = 1.3, called

splash-out.

5.6 Monte Carlo Quark/Gluon Jet Energy Calibration

The previous jet energy scale corrections are the standard energy corrections applied by
CDF. Typically, analyses use jets corrected to the absolute energy level (internally called
“Level 5”) or to the parton level (internally called “Level 7”). However, as mentioned before,
these energy corrections do not explicitly distinguish between the response of gluon and
quark jets. The largest energy corrections, the absolute energy corrections and the out-
of-cone corrections, are derived using PYTHIA dijet Monte Carlo simulations. Differences
in the response of gluon and quark jets between MC and data may lead to differences in
the measured energies of these objects, and these differences may not be covered by the
existing systematic uncertainties on the jet energy scale.

It is possible to derive a correction for the response of quark and gluon jets in data
and MC given two independent samples of jets, with different quark fractions, balanced
against objects of known energy. We use events where a jet balances with a ~, which are
rich in quark jets, and utilize the significant number of Z — ¢*¢~+ jet events now available,
which are more rich in gluon jets. We construct the balance of the jet with these better

measured reference objects:
Kz = (EF®/pF") = 1. (5.1)

For well-measured jets after the out-of-cone corrections, K;,, = 0. Rather than derive full
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and separate jet energy scale corrections for quark and gluon jets in data and MC, we
compare the balance in data and MC and derive an additional correction to be applied to
MC jets, based upon whether they are matched to quarks or gluons.

In this section, we describe in detail the selection of both the Z-jet and ~-jet balancing
samples, how well-balanced each sample is (i.e., our determination of Kz,.), our method
for extracting the balance of quark jets and gluon jets (K, and Kj, respectively), and the

final determination of the correction to apply to quark and gluon jets in the MC.

5.6.1 Z-Jet Balancing Selection

The datasets and event selection for Z-jet balancing sample closely follow that described
in Sec. 4.2. These selection cuts are summarized in Tab. 5.1. We require two leptons
consistent with being from the decay of a Z, where the two leptons come from the same
lepton-type pairs used in the full analysis. Each lepton’s pr must be greater than 20
GeV/c, the reconstructed dilepton mass must be in a window centered around the mass
of the Z boson, and we additionally require that the reconstructed Z boson pr be greater
than 10 GeV/c.

The jets used in these balancing studies are similar to the ones that are used in our
search for ZW/ZZ — ((jj. They have a cone size of R = 0.4, and are restricted to have
In| < 2.4 and an EM fraction > 0.9. Jets, unless otherwise stated, are corrected to Level
7 jet energies. In order to ensure the jet and Z boson are well-balanced, we allow only
one jet in each event, eliminating events with additional energy clusters (electromagnetic
or hadronic) above 3 GeV. We also require that the reconstructed Z boson and jet be
back-to-back in the detector, with A¢(Z, jet) > 2.8 rad.

In Figs. 5.7-5.10 we show distributions of the balancing variable as defined in Eq. 5.1,

Kz = E7®/p% — 1, in data and MC. These distributions are constructed in bins of jet Er,
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Z-jet Balancing Selection
Ny >0
18t/2n lgpton pr > 20 GeV/c

76 GeV/c® < My, < 106 GeV/c?

Z pr > 10 GeV/c
ET < 20 GeV

Nigis > 3 GeV =1

A¢ between Z and jet > 2.8 rad

Table 5.1: Event selection requirements for the Z-jet balancing studies.

which allows us to derive a correction as a function of E+®.. Included in Figs. 5.7-5.10 is
the fraction of the jets originating from quarks as determined by the MC samples: we see
that the quark fraction is low (~ 35% for jets around 25 GeV), and increases with jet Er.
More about the quark fractions will be discussed in Sec. 5.6.3.

To describe the balancing in each bin, we fit around the most probable value of the
distribution with a Gaussian, and use the mean and error on the mean derived from that
fit as the value of K7, for that jet Et bin. The fitting range is chosen based on the quality
of the fits, which are checked visually and quantitatively via the x?, and on robustness of
the fitted mean. We tend to focus on fitting the distributions away from their long tails.
It is because of these long tails that we do not simply use the mean of the balancing
distribution, which are more dramatically affected by a small number of poorly measured
jets. Furthermore, the mean and the median of the balancing distributions are both more
affected by dijet backgrounds in the ~-jet balancing sample described in Sec. 5.6.2, and
by trigger-sculpting from the high-E+ photon trigger used to select ~-jet events.

These Gaussian fits to the K distributions in data and MC are also shown in Figs. 5.7-
5.10. Fig. 5.11 shows the mean of these Gaussian fits as a function of the jet Er. We
see (1) that neither MC or data are particularly well-balanced across all jet E7’s, but more
importantly (2) that the MC and data show poor agreement across jet Er, indicating that

after our energy corrections are applied, we still see large differences in the reconstruction
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Z-Jet Balancing: 15.0 GeV < Jet ET <17.5 GeV (FQ=0.334) Z-Jet Balancing: 17.5 GeV < Jet ET <20.0 GeV (FQ=0.332)
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Figure 5.7: The balancing variable, Kz, distribution in data (black) and MC (green) for
Er® between 15.0 - 17.5 GeV (upper left), 17.5 - 20.0 GeV (upper right), 20.0 - 22.5 GeV
(lower left), and 22.5 - 25.0 GeV (lower right). Means and relative errors from Gaussian
fits around the peaks are shown, along with the fraction of quark jets in MC.
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Z-Jet Balancing: 25.0 GeV < Jet ET < 27.5 GeV (FQ=0.349) Z-Jet Balancing: 27.5 GeV < Jet ET < 30.0 GeV (FQ=0.373)
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Figure 5.8: The balancing variable, Kz, distribution in data (black) and MC (green) for
Er® between 25.0 - 27.5 GeV (upper left), 27.5 - 30.0 GeV (upper right), 30.0 - 32.5 GeV
(lower left), and 32.5 - 35.0 GeV (lower right). Means and relative errors from Gaussian
fits around the peaks are shown, along with the fraction of quark jets in MC.
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Z-Jet Balancing: 35.0 GeV < Jet ET <40.0 GeV (FQ=0.411) Z-Jet Balancing: 40.0 GeV < Jet ET <45.0 GeV (FQ=0.437)
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Figure 5.9: The balancing variable, K, distribution in data (black) and MC (green) for E7/*t
between 35 - 40 GeV (upper left), 40 - 45 GeV (upper right), 45 - 50 GeV (lower left), and
50 - 60 GeV (lower right). Means and relative errors from Gaussian fits around the peaks
are shown, along with the fraction of quark jets in MC.
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Z-Jet Balancing: 60.0 GeV < Jet ET <70.0 GeV (FQ=0.486) Z-Jet Balancing: 70.0 GeV < Jet ET <100. GeV (FQ=0.479)
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Figure 5.10: The balancing variable, K, distribution in data (black) and MC (green) for
E® between 60 - 70 GeV (upper left), 70 - 100 GeV (upper right), and greater than 100
GeV (bottom). Means and relative errors from Gaussian fits around the peaks are shown,
along with the fraction of quark jets in MC.
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of jets in data and MC.

Z-Jet Balancing Using Gaussian Fits
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Figure 5.11: The balancing distribution, Kz, in data (black) and MC (red) as a function of
E*®. The uncertainties are solely the uncertainty on the mean of a Gaussian fit to the
balancing distributions in bins of E7®t. We see poor agreement in the Z-jet balancing,
indicating errors in our reconstruction of jets in this sample.

5.6.2 ~-Jet Balancing Selection

For the ~-jet balancing sample, we use events collected with an isolated central photon
trigger—requiring an isolated, 25 GeV photon—over the same data period as that of the
high-pr lepton samples. We compare this data to v+ jet MC generated using PYTHIA, and
also use PYTHIA MC samples to estimate the contributions from dijet production that con-
taminate our ~-jet balancing sample. Both the v+ jet and dijet MC samples are generated
while varying a minimum requirement on the pr of the generated partons, pr. For the

~v+ jet MC, that cut ranges from as low as 13 GeV/c to a sample with pr > 70 GeV/c.
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In the dijet MC, that range is from 18 GeV/c to a high-pr sample with pr > 230 GeV/c.
These samples are stitched together by placing cuts on the generator-level parton pr.
This ensures that we have a large number of MC events across all jet Er ranges.

The selection requirements for our y-jet balancing sample are summarized in Tab. 5.2.
We closely follow the selection requirements used in previous ~-jet balancing studies [48].
We require a high-quality central photon following the selection requirements of [59]. In
order to avoid trigger biases, we require £} > 27 GeV and 0.2 < |,| < 0.6 in both data
and MC. To decrease the contribution from dijet production, where a jet mimics our photon
selection, we require the energy in the calorimeter and momentum in the tracking system
contained within a cone of R = 0.4 around the photon to be less than 1 GeV and 2 GeV/c,
respectively. As in the Z-jet balancing sample, we require events have one and only one
jet with (uncorrected) Er > 3 GeV within || < 2.4, and demand the A¢ between the jet
and photon be > 3.0 radians. We further reduce contamination of this sample by vetoing
events with large pileup (more than one reconstructed interaction point), and by removing

events with £r/E7 > 0.8, which likely contain activity from cosmic rays.

~-jet Balancing Selection
E7 >275GeV
02<|n,] <0.6
Calorimeter Isolation (R =0.4) < 1 GeV
Track Isolation (R =0.4) < 2 GeV/c
Nvert =1
Er/E} <0.8
,Vjets >3GeV =1
A¢ between Z and jet > 3.0 rad

Table 5.2: Event selection requirements for the ~-jet balancing studies.

The distribution of the balancing variable K., (see Eq. 5.1) is shown in Figs. 5.12-5.14 in
data and MC, in the same jet Et bins as shown in Sec. 5.6.1, except with E} > 27.5 GeV.

We use the same procedure of fitting the distribution with a Gaussian around the peak to
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extract a most probable balancing variable, and show the distribution of K, as a function of
jet Er in Fig. 5.15. Here, while the jets do not perfectly balance the photon, the agreement

between data and MC is good: our MC simulation models the jets from our ~-jet sample

well.
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Figure 5.12: K, distribution in data (black) and MC (green) for EjTet /GeV bin 27.5-30 (upper
left), 30-32.5 (upper right), 32.5-35 (lower). Means and relative errors from the gaussian
fits are also shown.
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Figure 5.13: K, distribution in data (black) and MC (green) for E’f’ /GeV bin 35-40 (upper
left), 40-45 (upper right), 45-50 (lower left), 50-60 (lower right). Means and relative errors
from the gaussian fits are also shown.
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Figure 5.14: K, distribution in data (black) and MC (green) for E/Te’ /GeV bin 60-70 (upper
left), 70-100 (upper right), 100-500 (lower). Means and relative errors from the gaussian
fits are also shown.
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v-Jet Balancing Using Gaussian Fits
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Figure 5.15: The balancing distribution, K., in data (black) and MC (red) as a function of
E*®. The uncertainties are solely the uncertainty on the mean of a Gaussian fit to the
balancing distributions in bins of Ef®t. We see better agreement in the ~-jet balancing
than in the Z-jet balancing (see Fig. 5.11); the jets here are well-modeled by MC, and we
interpret this difference as being due to the difference in the quark/gluon composition of
each sample.
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5.6.3 Separate Corrections for Quark and Gluon Jets

Comparing Figs. 5.11 and 5.15, there is a clear difference in our modeling of jets from
these two samples: our MC models jets from the v+ jet selection well, but not those from
the Z+ jet selection. While the systematic uncertainties for the jet energy correction to the
parton level are on the order of ~ 5% for jets with E+ = 30 GeV, and thus may (somewhat)
cover the difference between data and MC jets in the Z-jet balancing sample, there is
not a corresponding discrepancy in the ~-jet sample that should be there in the case of
a correlated systematic difference. The difference in the accuracy of the MC modeling
in these two selections indicates an additional correction is necessary that will fix the
modeling in the Z-jet sample, while not greatly affecting the modeling in the ~-jet sample.

One of the biggest differences in the jets in these two samples is their parton progen-
itor: jets from ~+ jet events are largely quark jets, while those from Z+ jet events have
a much higher proportion originating from gluons. Gluon jets tend to be more spatially
spread than quark jets, with a higher particle multiplicity and lower particle pr spectrum
for a given jet energy. Thus, quark and gluon jets will likely be reconstructed differently in
the calorimeter, but the lack of independent corrections for quark and gluon jets means
these differences are averaged over in our corrections. Furthermore, the largest energy
corrections are the absolute (L5) and out-of-cone (L7) corrections, which are completely
determined from MC simulation—the only point at which jets from data contributes here
is in the determination of the systematic uncertainty for the L7 correction, but that is in a
quark-dominated ~+jet sample. A difference in the modeling of gluon jets between data
and MC could lead to the the discrepancy seen in Z+ jet events while reinforcing the
agreement in v+ jet events.

To work towards deriving separate corrections for quark and gluon jet energies in MC,

we use our Z-jet and v-jet balancing samples in the following way. K> and K, are the
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necessary corrections to jet energies in the Z-jet and ~-jet balancing samples, as defined
in Eg. 5.1. Each correction is a weighted average of separate corrections for quark and
gluon jets: K, and Kj, respectively. If F/9 is the quark/gluon fraction in sample X, then
we can write:

Kz = FiKy+ FIKy = FIKy + (1 — FA) K, (5.2)
K, = FIKy+ FKy = F1Kg + (1 — F)Kj . (5.3)
These equations can be rewritten, solving for K, and Kj:

1

Ky=—

(1-F)K, — (1 - FIHK] (5.4)

1

K, =
" FTF

[FIKz — FZK,] . (5.5)

These equations may be written separately for data and MC (thus with distinct K%t
and Kx“C), and may include a dependence on the energy of the jet (Fy — F}(E{*") and
Kx — Kx(E7™®)). In order to solve for K, and Ky, we need to know Kz, for which we use
the balancing derived in Secs. 5.6.1 and 5.6.2.

This procedure for determining K; and K, also relies on the fact that the fraction of
quark jets in our two samples is different and known to some degree of precision. The
determination of Fg/7 in MC is fairly trivial, as we may just match jets to their originating
parton. We match jets by looping through the particles in the event record, and locating
the highest pr parton located inside the cone of the jet. In our ~-jet balancing sample, we
find that the quark fraction is about 85% at Er/®* ~ 30 GeV, and drops to about 71% at
E7®t ~ 70 GeV. In the Z-jet balancing sample, these fractions are ~ 38% and ~ 49% at
the same E7®! points.

However, in data we do not know the quark/gluon fraction a priori. Furthermore, we

cannot assume the F,(Er®) from MC, as the jet Er distribution in data and MC may be dif-
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ferent (which is what motivates our work towards developing a correction). Instead, since

the Z pr and v E7 are well-measured, we can determine the quark fraction as a function

of these values, Fq(pf/'y), in MC, and assume the data behaves similarly. The quark frac-

tions, Fq(pf/”), as determined from MC, are shown in Fig. 5.16. We parameterize Fg/7 as
Z/y

a function of p7/’,

F,Mo(pr) = a+ e,

and determine the F}’/Wdata in each jet E7 bin of the data based on p?/” distribution in the
data.

We establish an uncertainty on F, by looking at the difference in the distributions of
the jet QG value in data and MC. The jet QG value, described in further detail in Chap. 7,
is from artificial neural-network discriminant that examines the shape of a jet and assigns
a score based on how quark-like the jet appears. The discriminant is sensitive to differ-
ences in the quark/gluon fraction of a given sample. However, the discriminant is also
sensitive to other variations in the shapes of jets, and so we use it only for establishing
a conservative uncertainty on the quark fraction obtained from MC. We fit the distribution
of jet QG values in data with quark and gluon templates from MC to extract a new F,,
and take the difference between this value and the one obtained via matching in MC as a
systematic uncertainty. Typically, these uncertainties are about 10%, which we use as an
uncertainty on the F, values in both samples.

Using Egs. 5.4-5.5, we construct distributions of K; and K, as a function of the jet
Er, shown in Fig. 5.17. The uncertainties in these values are determined by assuming
Gaussian error propagation of the errors from Kz, K, FqZ, and F,. The distribution of
Ky(EF"®) is very similar to that of K, (E7®') (see Fig. 5.15), since the ~-jet balancing sample
is very quark-rich. Meanwhile, the distribution of K;(Er*®) looks more akin to Kz(E7®),

given the higher gluon fraction in the Z-jet sample. Furthermore, we see good agreement
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Figure 5.16: The fraction of quark jets in Z+jet events (F4(p%), top) and in y+jet events
(F4(E7), bottom). The uncertainties are derived from fits to the jet QG value observed
in data, and thus are rather correlated bin-to-bin. The fractions are fit in ROOT using an
exponential plus a constant: p0 + eP***2*, The parameters of the functional fit are listed in
the plots.
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between data and MC in K, but worse agreement in data and MC in K;. The fact that
data appears consistently lower than the MC in the K,(E*®) distribution indicates that MC
is systematically overestimating gluon jet energies, relative to the data.

Now with the distributions of K; and K, we determine the corrections that need to
be applied to MC jets in order to best match the energy scale of the data. These MC
corrections are defined as (K32 + 1) /(K,MC + 1) for quark jets, and (K;P3%@ + 1) /(K;MC + 1)
for gluon jets, and are shown in Fig. 5.18. Due to the photon trigger used to select the
~-jet balancing sample, we do not have reliable balancing information for jets below 27.5
GeV in that sample, limiting the full range over which we may derive corrections. Since
we are interested in jets down to energies around 20 GeV, we extrapolate to lower jet
energies the quark jet energy correction derived for jets with Er > 27.5 GeV, and use
the Z-jet balancing sample to extract a gluon correction assuming this extrapolated quark
correction.

Both the quark and gluon corrections appear flat in jet energy for jets with Er >
15 GeV, and so we fit them to a constant. We find that to better match the data, quark jet
energies in MC should be increased by ~ 1.4%, while gluon jet energies should be de-
creased by ~ 7.9%. This follows what we expected based on the Z-jet and ~-jet balancing
samples: MC models quark jets well, and so the correction for quark jets is small (and
consistent with no correction necessary, as discussed in Sec. 5.6.4); however, MC does
not model gluon jet energies well, overestimating their energies by a significant amount

and so requires a significant shift downward in the gluon jet energies.

5.6.4 Uncertainties on MC Jet Energy Corrections

We consider the following sources of error on the corrections presented in Sec. 5.6.3.

Because the corrections shift the energy response in MC to better match data, the quark
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Figure 5.17: The derived balancing variable for quark jets, K, (top) and gluon jets, K,,
(bottom) in data (black) and MC (red) as a function of Ef®'. The uncertainties on each
point are from the uncertainties from the mean of the Gaussian fit and the uncertainties
on the quark fractions, added in quadrature. We see better agreement between data and
MC in the energy scale of quark jets than that of gluon jets, following from the behavior
seen in Figs. 5.11 and 5.15.
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Figure 5.18: The derived correction for MC quark jets (blue) and gluon jets (red) as a
function of E-®. The open triangles represent corrections derived using both ~-jet and
Z-jet balancing samples, while the filled triangles represent the assumed flat correction
for quarks and the corresponding correction for gluons calculated from the Z-jet balancing
sample alone. The error bars represent only the statistical uncertainty on the balancing
variable. The short dashed lines are the fits of the correction to a constant across jet
E7, and the long dashed lines represent the error bands represent just the statistical
uncertainty on the fit, further described in Sec. 5.6.4.
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jet and gluon jet energy correction uncertainties are anti-correlated: if the quark jet en-
ergy correction goes up, the gluon jet energy correction must go down in order to further

compensate for that shift, and vice versa.

e Fit/Statistical Uncertainty: We use the standard deviation of the necessary MC cor-
rections of each jet Er bin to capture the spread of the MC corrections around the
assumed flat correction function. This is an uncertainty of +2.0% for quark jet ener-

gies, and F2.5% for gluon jet energies.

° FqZ: We vary the the quark fraction of the Z-jet sample by +10% (absolute, as
described in Sec. 5.6.3), and recalculate the corrections for quark and gluon jets.
This translates to an uncertainty of +£0.6% for quark jet energies, and +2.1% for

gluon jet energies.

e F,: Similarly, we vary the the quark fraction of the ~-jet sample by +10%. This
translates to an uncertainty of +1.8% for quark jet energies, and F2.7% for gluon

jet energies.

e Low E7 Extrapolation: We check the dependence of the gluon jet energy corrections
on the assumed quark jet corrections for low E7 jets by moving the quark jet Er for
these jets by +2%, based on the uncertainty in the jet energy scale measured in
situ in top mass measurements at CDF [60]. We see a small change in the fit gluon

energy corrections: F0.4% of the jet energy.

e Number of Interaction Vertices Dependence: The ~-jet sample has a cut on the
number of reconstructed interaction vertices in order to reduce contamination from
pileup. The Z-jet sample does not place such a cut, in order to retain as many
events as possible. We check the effect this cut has by checking for any shift in the

corrections when the cut is placed on the Z-jet sample. We see a change to the
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quark jet energies of +0.2%, and the gluon jet energies of +1.2%.

The uncertainties are summarized in Tab. 5.3. The uncertainties are similar in magnitude
to the current energy scale uncertainties [48]. We replace the previously existing sys-
tematic uncertainties on the jet energy scale with these newly derived ones — rather than
include the new uncertainties alongside the old ones — for two reasons. First, the bulk
of the previously existing systematic uncertainties on the jet energy scale reflect possible
differences in data and MC, which we are now accounting for in an improved way that
depends on the originating parton with the new corrections. Second, our cross section
measurement is not sensitive to changes in the real-value energy scale, but instead to
differences between data and MC. Therefore, the total systematic uncertainty in Tab. 5.3

should represent the full necessary uncertainties on the jet energy scale.

Quark jets  Gluon jets
JES Correction 1.014 0.921
Uncertainty Fit/Statistics 0.020 0.025
FqZ 0.006 0.021
Fq 0.018 0.027
Low Er Extrapolation 0.004
N, difference 0.002 0.012
Total +0.027 ¥0.044

Table 5.3: Summary of the additional jet energy corrections applied to MC jets, and the
uncertainty on those corrections. The uncertainties for the quark jet and gluon jet en-
ergy corrections are anti-correlated, as they must work in concert to match the balancing
distributions in data.

Fig. 5.19 shows the necessary corrections for quark and gluon jet energies with the
full set of uncertainties summarized in Tab. 5.3. We find that quark jets need a correction
that increases the jet energy after L7 corrections of +1.4% +2.7%. Gluon jets in MC must
be corrected downwards to better agree with data, with a correction to the jet energy of

—7.9% F 4.4%.
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Figure 5.19: The derived correction for MC quark jets (blue) and gluon jets (red) as a
function of E-®. The open triangles represent corrections derived using both ~-jet and
Z-jet balancing samples, while the filled triangles represent the assumed flat correction
for quarks and the corresponding correction for gluons calculated from the Z-jet balancing
sample alone. The error bars represent only the statistical uncertainty on the balancing
variable. The short dashed lines are the fits of the correction to a constant across jet
Er, and the long dashed lines represent the error bands represent the full uncertainty,
described in Sec. 5.6.4.
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CHAPTER 6
NEURAL-NETWORK-BASED b JET IDENTIFICATION ALGORITHM

Identifying jets originating from b quarks is an important part of many analyses at high-
energy particle colliders, including searches for the Higgs boson and measurements of
top-quark properties. We are interested in b-tagging in this analysis due to the increased
sensitivity we may have to ZZ — ¢*¢~bb decays. B hadrons have particular qualities that
help distinguish b jets from other light flavor quark or gluon jets: they typically have high
momentum and long lifetimes, resulting in a large distance between the interaction point
and the decay vertex of the B hadron. Additionally, a significant fraction (~20%) of B
hadrons decay in semi-leptonic modes, producing leptons with low pr inside the cone of
the jets. These qualities are key to distinguishing b-quark jets from other types of jets.
Here we describe an artificial neural-network-based b jet tagger that we employ in our
ZW /ZZ search. The tagger is described in more detail in [61]. The tagger is unique in its
emphasis on individual tracks, and in its ability to evaluate jets with only a single track. The
output of this ANN, which we call the jet bness, is designed to identify jets containing a
B-hadron decay. To characterize the tagger’s performance, the efficiency and mistag rate
are obtained as a function of a cut on the jet bness in Z + 1 jet (rich in light flavor jets) and
tt (rich in b jets) candidate samples. This choice differs from many previous evaluations
of performance using generic dijet samples, but the large data sample accumulated at
the Tevatron allows us to use the more pure top quark samples for b-tagging efficiency
studies, and the momentum spectrum of b quarks in top pair production is better matched
to diboson searches than the relatively soft quark momentum spectrum found in generic

dijet samples.
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6.1 Introduction

Identifying jets with B hadron decays can be accomplished through careful consideration
of the tracks inside the jet. The lifetime of the most common B hadrons produced in
pp collisions — e.g. the B°, B*, and BY mesons, and the A? baryon — is approximately
1.6 ps [18]. For relativistic B hadrons with p ~ 20 GeV/c, this translates to a decay length
of about 2 mm, a distance resolvable with the CDF tracking system. Therefore, using a
combination of the COT and silicon detectors, it is possible to identify B hadron decays
by searching for individual tracks displaced from the primary interaction vertex, and by
searching for multiple tracks coming from a displaced secondary vertex.

There are properties beyond the B hadrons’ lifetimes that aid in b-jet identification. The
decay products of B hadrons will generally form a larger invariant mass than the decays
products of other hadrons, since the b quark (and thus its corresponding hadrons) has
a larger mass than other quarks. In addition, when produced in jets, B hadrons tend to
carry a large fraction of the jet energy, giving them and their decay products a large boost
that makes these particles more energetic and collimated within the jet cone. Finally,
B-hadron decays are relatively rich in semi-leptonic decays, with roughly 20% of decays
yielding an electron or muon [18].

The above properties have formed the basis for previous b-jet tagging methods at CDF.
The most commonly used tagger is SecVix [62], a secondary vertex tagger which fits for
secondary vertices using only significantly displaced tracks. The tagger determines the
significance of the two-dimensional decay length in the r-¢ plane — the L,, — and uses
this to select b-jet candidates. The jet probability [63] tagger, another b-tagging algo-
rithm, does not look for a secondary vertex, but instead compares the distribution of the
“‘impact parameter significance” (dy/o4,) for tracks inside a jet to the expected distribution

from light jets, and assigns a probability a light-flavor jet would have tracks as or more
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displaced. Additionally, soft-lepton taggers [64] exist that look solely for the existence of
a soft lepton from a semi-leptonic B hadron decay inside the jet. While the low branching
ratio and difficulty of identifying soft electrons and taus limits this approach, keying on soft
muons allows a search for b jets that does not rely on displaced tracks.

Beyond these more conventional approaches to b-jet tagging, a number of taggers
make use of artificial neural networks (ANNs, or sometimes simply NNs). An ANN is
a simulated set of interconnected neurons, where each neuron produces a numerical
response to a given set of input signals [65]. The neurons may be arranged in a way to
take a set of input variables and produce a single-value output variable. The response of
the neurons may be chosen so that, as a whole, the ANN acts as a discriminant, assigning
a high ANN score to a signal that typically produces a certain set of inputs, and assigns
a low score to backgrounds that behave differently. A number of parameters may be
chosen in setting up an ANN: the input variables used, the number of neurons to use in
the network, and into how many layers they should be arranged, and the type of response
for each neuron. Fig. 6.1 shows an example of how the neurons in an ANN may be set up
to produce a single-valued ANN score given a set of inputs. ANNs provide the ability to
consider many variables independently, but can also exploit correlations in many variables
and identify differences in how “signal” and “background” variables may be correlated.

Because ANNs can use as many discriminants as is computationally feasible, the
power of ANNs can exceed that of more conventional taggers. A number of ANN-based
taggers have been used in CDF analyses. One, the “KIT flavor separator” [66], is not so
much a tagger in its own right, but supplements the SecVix tagger by identifying SecVix-
tagged jets that more likely originate from a b quark than from either a ¢ quark or from
other partons. The “Roma tagger” [67, 68] uses a vertexing algorithm that can search for
multiple vertices inside a jet, like those seen in cascade B hadron decays. It uses three

types of ANNs that make use of information from the SecVix, JetProb, and soft-lepton
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Figure 6.1: Diagram of how neurons may be arranged in an ANN to take a set of four
input variables {xi, X2, X3, X4} to a single-valued output, yany. Here, an input layer of four
neurons, each corresponding to one of the input variables, then passes along a signal
to a hidden layer of five neurons, which pass their signals to a one-neuron output layer,
which corresponds directly to the ANN output. Figure adapted from [65].
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Figure 6.2: A flow chart describing the jet bness NN tagger. We start with individual
tracks in a jet, and use various parameters of them as inputs into a track-by-track NN
that assigns each track a bness. These values are collected and used, along with other
jet-level parameters, as inputs into a jet-by-jet NN. The final output of this NN is called the
jet bness.

taggers.

6.2 Description of the bness ANN

The approach behind the development of the jet bness tagger was to focus on the basic
observable constituents of b-jets: the charged particle tracks located within the jet cone.
b-jet tagging relies on properties of the B hadron decays, and thus a careful look at
properties of individual tracks is a strong starting point for identification of b jets. Along
with looking at individual tracks, we look at properties of groups of tracks (like if tracks
come from a secondary vertex) and properties of the jet as a whole.

A flow-chart of how the bness NN works is shown in Fig. 6.2. The bness NN is orga-
nized in the following way: each track inside the jet is assigned a “track bness” using a
track-by-track NN that assigns a high score to tracks likely coming from B hadron decays,
and a low score from tracks that likely do not. Information on the tracks is collected and
combined with other jet-level variables to be used as inputs into a jet-by-jet NN. The out-

put of this NN is the “jet bness”, assigning a high score for jets likely to be coming from
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b quarks. We can then place a cut requiring a minimum jet bness value to select events

rich in heavy-flavor jets.

6.2.1 Basic track selection

In order to maintain the largest amount of information available to us for b tagging, we
select tracks to enter the track-by-track NN using a loose criteria, rejecting only those
tracks with pr < 0.4 GeV/c (a standard CDF cut), or whose only hits are in the COT, which
does not have the impact parameter resolution necessary to find significantly displaced
tracks. We only consider tracks located within the cone R = 0.4 around the jet axis. Also,
we reject tracks likely originating from the decays of other (non-B) long-lived hadrons, like
the Ks (m = 0.497 GeV/c?) and the A (m = 1.115 GeV/c?). Track pairs that can form a
two-track vertex and whose invariant mass lies within 10 MeV of those particles’ masses

are removed from consideration.

6.2.2 The track neural network

The variables used as inputs to the track-by-track NN are related to two major properties
expected in B hadron decays: charged particle tracks displaced from the primary interac-
tion vertex, and tracks with high-pr located close to the jet axis. The former is due to the
long lifetime of B hadrons, while the latter is due both to the typical boost of B hadrons
inside the jet and the high mass of B hadrons compared to their decay products. Variables

related to the displacement include the following:

e the track’s signed impact parameter, dy, where the sign is positive if the angle be-
tween the jet direction and the line joining the primary vertex to the point of closest

approach of the track to that vertex is less than 90°, and is negative otherwise;
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e the significance of that impact parameter given its uncertainty, dy/oq,;
e the track’s z displacement from the primary vertex, zy;
e and, the significance of that z displacement, zy/0,.
Variables related to track kinematics include:
e the track’s transverse momentum, pr;
e its pseudorapidity with respect to the jet axis, naxis;

e and, the magnitude of the track’s momentum in a direction perpendicular to the jet

axis, Pperp-

In addition, the Et of the jet is included as an input variable in the track-by-track NN, since
many of these quantities are strongly correlated with the jet energy. In order to not bias
our tagger for jets of a certain energy, B hadron tracks and non-B hadron tracks used for
training the NN are weighted so as to have the same parent jet Et distribution.

These input variables are shown for B hadron tracks and non-B hadron tracks from a
PYTHIA ZZ — jjjj MC sample in Fig. 6.3. Tracks are considered to be from B hadrons if
they are matching within AR < 0.141 to particles that come from the decay a B hadron in
the simulation’s event record. As expected, tracks from B hadrons show higher displace-
ment, higher pr, and are closer to the jet center. The displacement variables—particularly
the ap and dy/o4,—give the highest level of discrimination.

The track-by-track NN is a multi-layer perceptron (MLP) trained using the TMVA [65]
package. The NN is trained using tracks from jets from ZZ — jjj decays in MC, and
utilizes two hidden layers of 15 and 14 nodes. The single-valued output is called the

“track bness”, which ranges from —1 to 1, and examples of which are shown in Fig. 6.4.
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Figure 6.3: Inputs used in the neural network for calculating the per-track bness for tracks
from B hadron decays (dashed red lines), and tracks not from B hadron decays (solid
black lines). The y-axis in each plot is in arbitrary units, and the distributions from B
hadron daughter tracks and non-B hadron daughter tracks are normalized to the same

area.
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6.2.3 The jet neural network

In identifying jets most likely to come from b quarks, the most important properties we
consider are those related to the tracking information. b jets contain tracks from B hadron
decays, so they should have a higher number of high-bness tracks, and those tracks
should be consistent with originating from a long-lived B hadron decay. We consider the

following variables related to the tracks:
¢ the track bness values of the five most b-like tracks in the jet, b;, i =0...4;
e the number of tracks with track bness > 0, nyx;

¢ the significance of the displacement of a reconstructed secondary vertex from the
primary vertex, Ly, /o.,,, where the secondary vertex is fit using tracks with track

bness > —0.5;
e and, the invariant mass of the tracks used to fit the secondary vertex, my.
While less powerful for identifying b jets, additional factors are also considered:

e the number of Ks; meson candidates found inside the jet, as b jets tend to contain

more Ks; mesons than non-b jets;

e and, if a candidate for a soft muon is found inside the jet, the likelihood that object
is truly a muon calculated by a soft muon tagger [64], as some b jets contain semi-

leptonic decays.

The above variables, along with the jet Et, are used as inputs into the jet-by-jet NN.
It is trained in a similar fashion to the track-by-track NN, with two hidden layers of 15 and
16 nodes. The network is trained on jets from a ZZ — jjjj MC sample, separating jets
matched to b quarks against all other types of jets. The most important variables in the

jet-by-jet NN, those related to the track properties, are shown in Fig. 6.4.
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Figure 6.4: Inputs used in the neural network for calculating the per-jet bness for b jets
(dashed red lines), and non-b jets (solid black lines). The y-axis in each plot is in arbitrary
units, and the distributions from b jets and non-b jets are normalized to the same area.
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Figure 6.5: Output of the final jet-by-jet NN, the jet bness, for b jets (dashed red line) and
non-b jets (solid black line).

The final output of the jet-by-jet NN, the “jet bness”, is shown in Fig. 6.5 for b jets and
non-b jets from the ZZ sample used for training. The choppiness of the distribution is due
to the use of discrete-valued variables in the jet-by-jet NN. A number of b jets have low
jet bness values, generally due to a lack of high bness tracks in these jets either because
the B hadron decayed relatively quickly, or the jet was at higher n where fewer tracks
are reconstructed. Particularly, the region near a jet bness of -0.8 is dominated by jets
with zero tracks having positive track bness, zero Ks candidates found, and no secondary
vertex. The significant number of b jets at these low bness values indicates some b jets
are nearly indistinguishable from non-b jets. However, we see a high purity at high jet
bness, and we can use a bness threshold requirement to get a heavy-flavor enhanced jet

selection that sacrifices some b jet acceptance.
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6.3 Evaluation of Mistag Rate and Efficiency

In order to use this new b tagger in analyses, we determine the true efficiency of iden-
tifying a b jet and the false tag (“mistag”) rate for tagging a non-b jet as a function of a
minimal bness requirement, e(b) and m(b) respectively. Also, we evaluate the efficiency
and mistag rate in Monte Carlo simulations (ewc(b) and myc(b), respectively). By check-
ing differences between these values in data and MC, we can correct our simulation to
better match the data.

For any given selection of data, we can calculate the mistag rate (where all non-b jets
are considered mistags) if we know the number Ng of b jets, the number Ng(b) of b jets
above the threshold bness, the total number N of jets, and the total number N(b) of jets

above the bness cut threshold:

m(b) = %ﬁll‘z(b) . (6.1)

We may use MC to determine the fraction fz of all jets that are b jets, and the efficiency
emc(b) for these jets to pass the bness cut. This efficiency will need to be modified by a
scale factor sq(b) = e(b)/ewc(b) if it is different from the true efficiency evaluated in data.
Thus,

Ng = fsN and Ng(b) = s¢(b)euc(b)fsN . (6.2)

Also, if we define a mistag rate that has not been corrected for the possible presence
of b jets in the same sample, mw(b) = N(b)/N, then we may write equation 6.1 in the

following way:

_ Mraw(b)N — se(b)enc(b)fsN
N — fgN

_ mraw(b) _ se(b)eMC(b)fB

- 1—1g '
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We can write an analogous expression for the efficiency of b jets passing a given

bness cut,
b) — sm(b)muc(b)f;
1—f ’

e(b) - Z=t 6.4

where e (b) is a “raw” efficiency uncorrected for the presence of non-b jets in a sample,
muc(b) is the mistag rate as measured in MC, corrected to match data by a scale factor
Sm(b), and f; is the fraction of light-flavor (here just simply defined as non-b) jets in the
chosen sample. Both e, (b) and s, (b)myuc(b) = m(b) can be calculated easily by counting
events above a given bness threshold in the data and MC respectively.

We will use a tt selection to determine the efficiency. Because of the different com-
peting processes in this tf sample (there is a significant contribution from W + light flavor
jets and W + bb processes), it is best to break f, into these most significant subsamples,

Wjj . Wbb _ TN -
i N + 172" Nyypp + ' Nig

fi =
‘ Nwj + Nypp + Ny

, (6.5)

where Ny is the number of events predicted by MC in subsample X, and X is the fraction
of non-b jets in subsample X. We assume that the MC correctly reproduces the values of
fX. To determine s¢(b) = e(b)/emc(b), we write down a similar expression for the efficiency

in MC using the efficiency of each subsample in MC,

1

we(b) = Nuwj + Nyp + Niz <

ex(b)fy Ny , (6.6)

where, as before, N is the number of events predicted by Monte Carlo in subsample X,
fX is the total fraction of b jets in subsample X, and ey is the efficiency of b jets passing
a particular bness cut in subsample X. We assume, again, that the Monte Carlo correctly
reproduces the values of 5.

By calculating the mistag rates and efficiencies in this way, we have removed any di-
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rect dependence on the number of events. This removes uncertainties that purely effect
the normalization, like the uncertainty on the total integrated luminosity. Also, the deter-
mination of the mistag rate depends on the calculated value of the efficiency (through
the scale factor term s¢(b)), and that in turn the determination of the efficiency depends
on the mistag rate (again through the scale factor s,,(b)). Similarly, the uncertainties on
these quantities (see below) depend on each other. Thus, we use an iterative procedure
to solve for the mistag rate, efficiency, and their uncertainties. We calculate the mistag
rate first using a value of s¢(b) = 1, and find that the values of e(b) and m(b) and their
uncertainties converge very quickly.

The uncertainties on these quantities may also be calculated from the expressions

above. For the mistag rate,

O‘%.,(b) — n"raw(b)(‘l1 __fmraw(b))
B

(72%)

(U,B[se 1e m( )])2_ 6.7)

The first term is a binomial uncertainty on the raw mistag rate of the sample, and is the
term related to the statistical uncertainty of the sample used to determine the mistag rate.
The second term comes from the uncertainty on the measured value of e(b) (see Eq. 6.8).
The final term is due to the uncertainty on fg, which will depend on the choice of MC and
the region in which MC and data are compared.

Given the multiple processes we must consider in our tf selection (see Egs. 6.5 and
6.6), the expression for the uncertainty on the efficiency is more complicated. To ease

matters, we obtain this uncertainty by calculating the uncertainty of the quantity (e(b) —
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evc(b)), and find

1 eraW(1 - eraw)
2
Ox
2 Nl — 10
(e + sam)(f, — £) +fX(ewc — ex)]” (6.8)

where the latter term represents a sum over each of the MC subsamples. Nyc and Ng
are the total number of events and events with b jets in the MC, and o is the uncertainty
assigned to the number of events in each MC subsample. Because we compare only the
normalizations of data and MC in our determination of efficiency (and mistag rate) scale
factors, the uncertainty on the number of events in each MC subsample need only reflect
the relative uncertainty on the fraction of events each subsample contributes to the whole.
We assign o, = 20%, and o = 8.72% and o;; = 6.78% based on a fit to the distribution

of the sum of the highest two bness jets in tt events.

6.4 Selection for Mistag Rate and Efficiency Determination

Following the procedure described in Sec. 6.3, we must choose two independent regions
in which to determine the mistag rate and efficiency of the b tagger. To reduce uncertain-
ties, it is best to choose a well-modeled region dominated by falsely tagged jets (where
we expect few b jets) and a well-modelled region rich in b jets. For the former, we choose
events containing two oppositely charged electrons or muons likely from the decay of a
Z boson, plus one jet. The Z + 1 jet selection closely follows that described in Chap. 4,
and are summarized in Tab. 6.1. For the latter, we choose events containing the decay of
a pair of top quarks, where we require exactly one lepton, at least four jets, and a large

imbalance in transverse momentum in the event, indicating the likely presence of a neu-

119



trino. We expect that the two jets with the highest bness values in this sample will very

likely be b jets. The cuts applied for the tt selection region is described in Tab. 6.2.

| Z + 1 jet Selection |

Nieptons = 2, both electrons or both muons
Leptons have opposite charge
Az, between leptons < 5 cm
Lepton pr > 20 GeV/c
75 GeV/c? < My < 105 GeV/c?

Er <25 GeV
Reconstructed pr(Z) > 10 GeV/c
Niets(Er > 10 GeV) =1
Jet Er > 20 GeV, |n| < 2.0

Table 6.1: Summary of event selection requirements for the Z + 1 jet sample used to
determine the mistag rate of the jet bness tagger.

| tt Selection |

Nleptons =1
Lepton pr > 20 GeV/c
Er > 20 GeV
Er-significance > 1(3) for u(e) events
Reconstructed Mr(W) > 28 GeV/c?
Highest two bness jets’ Er > 20 GeV
Nets(Er > 15 GeV) > 4
Total sum Er > 300 GeV

Table 6.2: Summary of event selection requirements for the ¢t sample used to determine
the tag efficiency of the jet bness tagger. The total sum Er is defined as the sum of the
lepton pr, Er, and E7 of all jets with Er > 15 GeV.

These events are selected by specific high-pr central electron and muon triggers that
do not have additional jet selection requirements. We use data corresponding to an inte-
grated luminosity of 4.8 fo!. We use ALPGEN interfaced with PYTHIA for parton showering,
to model W and Z plus jets samples and PYTHIA to model tt and other processes with

small contributions. Similar to how we determine the trigger and lepton ID/reconstruction
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efficiencies for our Z + 2 jet sample by comparing data and MC in a Z + 1 jet sample,
we check the trigger and ID/reconstruction efficiencies against a sample of Z — e*e™ or

whp~ events without jets. Table 6.3 contains a summary of the total number of events.

Electrons Muons

Z + 1 jet selection
Data Events 9512 5575
MC Events 9640-+880 5540 +490

tt Selection

Data Events 507 835
MC Events 542+ 56 862+ 85

Table 6.3: Number of events in data and MC in the Z + 1 jet selection region, after proper
scale factors have been applied. The uncertainties on the MC reflect only the two domi-
nant systematic uncertainties: the uncertainty on the jet energy scale and the uncertainty
on the luminosity. Overall, the agreement in number of events is good.

6.5 Mistag Rate Determination

Fig. 6.6 shows the jet bness distribution for jets in the Z + 1 jet sample. The sample is
dominated by light-flavor jets, but there is a significant contribution of real b jets at higher
bness values, coming from Z + bb production. The b-jet incidence rate reaches above
60% for the highest bness cuts, and thus we will expect the uncertainties in the mistag
rate to be substantially higher there, due to both the small sample of available jets and
the high contamination rate combined with the uncertainty on the number of b jets in that
smaller sample.

Using the method described in Sec. 6.3, we determine the values of m(b) and the
relative difference between the mistag rate in data and MC (s,(b) — 1). We also calculate
the uncertainty on the mistag rate. The value of the scale factor and its uncertainty at the

relevant bness cut in the ZW/ZZ search is summarized in Tab. 6.4.

121



CDF Run Il, [L = 4.8 fb”

ﬂ L T T T T T T T T T T T | T T T T =
= - 1
5 10° E —e— Data E
S - B Z- I'T + jets 1
o 10 Z->IT+bjets|]
~~ - y - 3
” N —] .
*GE)' 10°E Diboson 4
> F 3
m - -

10?

10

Jet bness

Figure 6.6: A comparison of the jet bness in data and MC in the Z + 1 jet selection region.
The MC is able to reproduce the main features of the bness distribution in data. We use
this distribution to determine the mistag rate for placing a cut on jet bness in data, and
use the differences between data and MC to determine corrections to the mistag rate in
MC.
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Figure 6.7: Jet bness of the first (left) and second (right) jet, as ordered by bness, in the
tt lepton + jets selection region. The simulation reproduces most of the features of the
data, and we see much of the b-enriched samples clustered towards high bness.

6.6 Tagging Efficiency Determination

We use our tt selection, described in Sec. 6.4 and Tab. 6.2, to calculate the efficiency
from a sample of jets with high b purity. As these events have many jets, we order the
jets by decreasing bness value. Fig. 6.7 shows the jet bness distributions in data and MC
for the two jets with highest bness in each event. The agreement here is very good, and
regions of high bness are almost exclusively populated by tt events, indicating that our b
tagger is properly identifying b jets.

We calculate the efficiency of a given bness threshold and its uncertainty as described
in Sec. 6.3. The relative differences and uncertainties on the efficiency are on the order
of 10% or less (see [61]). Tab. 6.4 lists the efficiency and mistag rates in data and MC
for a chosen operating point—the 2" highest jet bness > 0.0—along with the relative
difference between data and MC, and the error on that difference. We find that the MC

simulation typically underestimates the mistag rate while overestimating the tagging effi-
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ciency. More direct comparisons of the performance of the jet bness tagger with CDF’s

SecVix tagger are included in [61].

Quantity bness Cut | Data MC % Difference % Error
Mistag Rate > 0.0 0.0819 0.0720 14% 4.1%
Tag Efficiency > 0.0 0.622 0.684 —-9.0% 8.7%

Table 6.4: Mistag rates and efficiencies on a 2"-highest jet bness cut > 0.0 determined
from comparisons of data and MC in our Z + 1 jet and tt control regions.

While generic comparisons between taggers are difficult, we compare our tagger to
the most commonly used b tagger in CDF, the SecVix tagger [62]. The efficiency and
mistag rates of our tagger compare favorably to the SecVix tagger. We compare the
two taggers using simulated events, looking at the two highest bness jets in the MC of
our tt selection. The “tight” SecVix tagger operating point on this sample of jets has an
efficiency of 0.59 and a mistag rate of 0.052, while the “loose” operating point has an
efficiency of 0.68 with a mistag rate of 0.088. For a 2" highest bness jet cut at > 0.0, we

have a similar efficiency to the “loose” SecVix tag with a slightly lower mistag rate.
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CHAPTER 7
NEURAL-NETWORK-BASED QUARK/GLUON DISCRIMINANT

In this analysis, we search for two high-pr leptons from the decay of a Z boson, and two
jets froma W — qq' or Z — qq decay; thus, the two jets in our signal are quark jets. Our
dominant background, two jets produced in association with a Z — ¢*¢/~ decay, contain
a significant number of gluon jets. Thus, similar to the tagging of b jets, our sensitivity
to W* — qq and Z — g decays may be increased if we can tag jets likely to come
from light quarks—u, d, s, and the slightly heavier c—and separate them from jets likely
originating from the fragmentation of gluons.

Gluon jets, due to their higher color charge, tend to contain a higher particle multiplicity
and be spatially broader in the detector than quark jets [58]. We attempt to quantize the
spatial spread of jets using a collection of artificial neural-networks, trained to separate
gluon jets from light-flavor quark jets. We call the result of the final ANN the jet quark/gluon
value (or jet QG value). We may place a cut on this value to use it as a light-flavor quark
tagger. Our approach is unique in that we look directly at bulk distributions of the individual
towers and tracks within a jet by constructing the distribution of distances between pairs
of these objects.

We calibrate the agreement of response of the final ANN in MC to the response in data
usinga W — (v + 1 jet sample. Similar to our characterization of the jet bness variable
as a tagger, we determine a tagging efficiency and mistag rate of placing a cut on the
jet QG value using two independent samples: W — (v + 2 jets, similar to our Z + jets
background, and tt — bblrqq’, which contains two jets from the hadronic decay of a W

boson, very much like our diboson signal.
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7.1 Introduction

The strong force, and the behavior of the quarks and gluons that compose its interactions,
is described by Quantum Chromodynamics (QCD). An essential property of QCD is that
while quarks possess color, that only color-neutral states exist in nature. The transfor-
mations of the color states of quarks are defined by group SU(3), with the eight unitary
matrices that generate that group giving rise to the eight gluons that mediate the strong
force. These gluons have an effective color charge that is larger than that of the quarks.
The color charge is proportional the square root of the ratio of the “color factors”: C4 and
Cr, repsectively. In SU(3), Ca = 3 and Cr = 4/3, thus Ca/Cr = 9/4.

This increased color charge for gluons results in a number of properties that distin-
guish the hadronization of quark and gluon jets [58]. First, the multiplicity of any type
of final-state object should be higher in gluon jets: the largest contributor to increases
in multiplicity is the radiation of gluon jets, and since the effective gluon color charge is
higher, gluons are likely to radiate more. As a result of this higher multiplicity, the final-
state particles in gluon jets should have a softer momentum spectrum than quark jets of
a similar energy. In addition to increases in particle multiplicities in gluon jets, gluon jets
will also tend to be broader, spatially, than quark jets. The jet width tends to increase with
decreasing energy, and since the energies of partons undergoing hadronization in gluon
jets are typically lower, gluon jets will tend to have larger angular size than quark jets of a
similar energy. These properties, however, are not suitable for separating b quarks from
gluon jets, as the weak decays of B hadrons will lead to different properties.

Experimental studies of the differences between gluon and quark jets are difficult, as
it is hard to unambiguously determine whether a jet originated from a quark or gluon.
AMY, a detector located at an e*e~ storage ring at the KEK laboratory in Japan, collected

events with two back-to-back jets, likely from quarks, and events with three jets, which
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likely includes a gluon radiated from a quark jet [69]. They determined that gluon jets
have less energy inside a core region of the jet, as compared to light quark jets, indicating
a wider angular spread for gluon jets. OPAL, an experiment located at the e*e~ LEP
(Large Electron-Positorn) collider at CERN, was able to obtain a high purity of gluon jets
from three-jet decays of the Z boson: Z — bbg [70]. The leading-E7 jet is very likely a b
jet, and by b-tagging one of the two other jets, one may take the untagged jet to be from
a gluon. OPAL found that gluon jets had softer spectrum of particle energies than light
quark jets, as predicted by the theory.

Consideration of jet widths, to reduce backgrounds from gluon jets to final states with
only quark jets, has been used in analyses at CDF. Searches for all-hadronic decays of
top quark pairs (where both W bosons decay to pairs of quarks) [71] and all-hadronic
decays of WH/ZH production [72] included evaluations of the n and ¢ moments of jets,
each a single-value measurement of the width of the jet, in ANN-based discriminants to
reduce contributions from multijet backgrounds. However, these distributions have not
been used as simple tagging variables, upon which one may place a cut, because they
have little discrimination power on their own. Our approach is to develop a variable that
is specifically formulated to distinguish between quark and gluon jets, similar to the b-

taggers described in Chap. 6.

7.2 Jet QG Value Definition

There are two basic detector-level objects associated with jets at CDF: calorimeter towers,
which are clustered together to form the actual jets, as described in Sec. 3.3; and, charged
particle tracks, which may be associated with a jet via matching in AR, even if they are
not used to define the jets themselves. These two sets of objects are in many ways com-

plementary to describing properties of the jet. Charged particle tracks are reconstructed
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with high spatial resolution, and, if including information from the silicon detectors, pro-
vide the “earliest” description of development of the jet; however, the tracking systems
provide limited coverage for |»| > 1, and even inside that region only relate information
about a fraction of the particles in the jet—those that have charge. Calorimeter towers
provide a more complete picture of the jet, giving energy measurements of both charged
and neutral particles over a wider ) range; but, we cannot determine particle multiplicities
from the calorimeter towers, and the large tower size (typically 0.1 in n x 15° in ¢) gives
us less resolution on measurements of the jet width.

For this reason, we use information from both tracks and towers to form our quark/gluon
discriminant. The discriminant itself uses a total of three ANNs (see Sec. 6.1 for a descrip-
tion of how our ANNs work), described visually in a flow-chart in Fig. 7.1. There are two
networks for separating quark and gluon jets by looking at the distribution of energy con-
tained in calorimeter towers and the distribution of momenta contained in reconstructed
charged-particle tracks, described in the following sections. Most jets may be assigned a
Tower NN value and Track NN value, the output of these two ANNs. These two NN values
are combined in a third ANN, along with other variables that offer some discrimination
between quark and gluon jets, or that are related to the how spread or collimated jet it is.
The output of this final ANN is the jet QG value, and is our final discriminant for separating
quark and gluon jets.

Each of the ANNSs is trained on jets matched to a light flavor (uds) quark or gluon
with pr > 20 GeV/c and within AR = 0.4 of the center of the jet, with no other partons
above 8 GeV/c within AR = 0.7. The jets come from a Z — p*u~ + 2 parton ALPGEN
sample, interfaced with PYTHIA showering. Similar to the jet bness ANNs, each ANN in
the quark/gluon discriminant is a feed-forward multilayer perceptron with a single output,
implemented using the MLP algorithm from the TMVA package [65]. The networks are

trained on 100, 000 quark and gluon jets, and tested for biases in over-training on a sam-
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Figure 7.1: A flow chart describing the jet QG value quark/gluon discriminant. We start by
forming a distribution of the towers and tracks inside a cone of R = 0.7 around each jet.
These distributions are used as inputs into two separate ANNs, giving us a “Tower NN”
value and a “Track NN” value. These are then used as inputs, along with other variables
describing aspects of the jet, into a final NN. The output of this final network is called the

“let QG value”.
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ple with 500,000 quark and gluon jets. Gluon jets are reweighted to match the Er and n

distributions of the quark jets to remove any bias these variables.

7.2.1 The tower neural network

For each jet, we obtain a list of the calorimeter towers (with Er > 1 GeV) in a cone of

R = 0.7 around that jet. Each tower has a location coordinate, (1, ¢), and deposited energy

E associated with it. We construct a distribution of the distance, AR; = \/(An;)? + (A¢y)?,
between all pairs of towers within the jet. We weight each tower pair by its relevance
in terms of energy, resulting in a distribution that characterizes the spatial spread of the
energy within each jet. The weight we apply to each tower pair is given by

EE
0.5((ZE)2 — 2 E2)’

where E; and E; are the energies of the two towers in the pair, X E is the sum of the energy
in all towers in a cone of R = 0.7 around the jet, and ¥ E? is the sum of the square of the
energy of each tower in that same cone. This denominator is chosen in order to normalize
the sum of all weights of tower pairs to unity. In this thesis, this distribution is also referred
to as the ARiowers distribution.

The typical ARwers distribution for quark and gluon jets is shown in Fig. 7.2. The
x-axis is the distance between a pairs of towers around the jet, while the y-axis is the
typical energy content contained in tower pairs at that distance. We see that light quark
jets have a higher proportion of their energy clustered together, with the A Riowers Peaking
lower than for gluon jets.

We split the A Riowers distribution into 56 bins with bin size ARigwers = 0.025 for 0.0 <
ARowers < 1.4, and the contents of the 53 non-zero bins (the first 3 bins are empty

due to the segmentation of the calorimeter) are used as inputs for the Tower NN. This
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Figure 7.2: A typical distributions of AR between pairs of towers in light-flavor quark (blue)
and gluon (red) jets. Light-flavor quark jets tend to peak at low ARiwers, indicating they
are rather collimated, while gluon jets tend to have a higher A Riowers distribution.
bin size was chosen to correspond to the maximum resolution for ARiowers = 2.0, as we
originally included information out to a cone-size of R = 1.0, but found that it offered little
improvement over a cone size of R = 0.7. However, extending the information included
beyond the jet size of R = 0.4 to R = 0.7 does provide improved discrimination power
because gluon jets are more likely to radiate some energy outside the smaller cone size.
In constructing the quark/gluon discriminant, we also considered including a second
AR distribution, one populated by the distance of each individual tower from the jet cen-
ter. However, the information from this distribution is largely contained in the ARiowers
distribution, and so it offers little additional discrimination at a price of added complexity
of the network. Also, a benefit of including the distance between tower pairs over the dis-
tance between each tower and the jet center is the increased multiplicity of tower pairs: if
there are ntowers included in a jet, then there are n- (n — 1) possible tower pairs, versus

n tower-jet center pairings. This greater multiplicity means the ARiywers distribution will
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be more populated, providing greater discrimination power. For these reasons only the

contents of the A Rwers distribution are used as inputs into the Tower NN.

Tower Neural Network Output
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Figure 7.3: The output of the Tower ANN discriminant for light-flavor quark (blue) and
gluon (red) jets. We see a good level of discrimination between quark and gluon jets in
this NN variable.

The output of the Tower NN for quark and gluon jets from our Z2 — p*p—+ jets MC
is shown in Fig. 7.3. We see that, in the MC, the distribution of gluon jets peaks at low
values, while the distribution of Tower NN values is more rounded and peaks at a higher
value. We see a smoother behavior here than in the output of the bness NN (see Fig. 6.5)
due to the lack of integer-valued inputs. While the NN is trained to produce an output
between —1 and +1, some jets appear at Tower NN values > 1 due to differences from
these jets and the training sample. However, the distributions still look well-behaved at
these values. Overall, we see good discrimination between quark and gluon jets in this

Tower NN value.
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7.2.2 The track neural network

When looking at the tracks inside a jet, we follow a similar prescription. We collect tracks
within a cone of R = 0.7 around each jet, using the tracks’ locations in (n, ¢) (at the primary
vertex) and momenta p to obtain a distribution of the distance between pairs of tracks (in
AR), with each pair weighted by the momentum contained within that pair,

Pipj
0.5((x|pl)* — X|pf?) °

with similar definitions for ©|p| and Z|p|? as in tower energies. We require all tracks come
within 5 cm of the reconstructed primary vertex, and that the tracks otherwise meet the

requirements outlined in Sec. 6.2.1.

Distribution of Tracks in Jets
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Figure 7.4: A typical distributions of AR between pairs of tracks in light-flavor quark (blue)
and gluon (red) jets. Similar to the A Riowers distribution, light-flavor quark jets tend to peak
at low A Ryacks While gluon jets tend to have a higher A Ry acs distribution.

The typical ARyacks distributions for quark and gluon jets (with two or more tracks)

are shown in Fig. 7.4. We show more bins in this distribution than in Fig. 7.2, as the
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segmentation of the calorimeter makes showing more bins visually difficult to read. The
behavior in ARyacks iS similar to that in the ARiwers distribution: light quarks jets peak at
lower ARy,cks than gluon jets, indicating more of the track momentum content is in track
pairs close together in quark jets compared to gluon jets. The ARy.s distribution does
not fall with constant rate, with what looks like a second peak appearing at AR ~ 0.6, due
to geometric effects based on the cone size of the jet.

We split the AR distribution between track pairs (or ARyacks) into the same 56 bins
as used in the Tower NN, and the content of each bin is used as an input into the Track
NN. This NN is independent of the Tower NN; while it is possible to use both the bins of
ARyacks and ARiowers in the same NN, the possible correlations between similar bins in
tower and tracks does not provide enough additional discrimination power to inspire the
complications of training a 109 variable NN. Instead, the Track NN is independent of the
Tower NN.

The output of the Track NN for quark and gluon jets with two or more tracks from our
Z — ptp~+ jets MC is shown in Fig. 7.5. Like the Tower NN output, we see that the
track distribution has good discrimination power for identifying quark jets from gluon jets.
Compared to the Tower NN output, the Track NN output peaks at higher NN score for
quark jets, but has a somewhat broader distribution in gluon jets. Unlike the Tower NN
distribution, we do see some discontinuous features in the Track NN output. These arise
from jets that have only two tracks that meet our quality requirements in them, and so
only one bin of the AR,cks distribution is non-zero. These jets are more likely to originate
from quarks than from gluons, due to the higher particle multiplicity in gluons, hence the

presence of these discontinuities at higher Track NN values.
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Track Neural Network Output
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Figure 7.5: The output of the Track ANN discriminant for light-flavor quark (blue) and gluon
(red) jets. We see a good level of discrimination between quark and gluon jets in this NN
variable. The somewhat discrete structure comes from jets with Nyacks = 2.

7.2.3 The final quark/gluon discriminant

The purpose of the final ANN is to combine the information from the Tower and Track
NN values, along with two other classes of variables: first, other, simpler variables that
may offer some discrimination for quark and gluon jets; and, second, variables that may
affect what the width of each jet looks like, and thus will have some bearing on how quark
or gluon-like each jet looks. Variables we include in the final ANN to provide greater

discrimination power include the following:

¢ the ratio of the sum of tower energies, X E, in a cone of R = 0.4 to that in a cone
of R = 0.7 around the jet center, which is similar to the core energy used to help

distinguish quark and gluon jets in [69];

¢ similarly, the ratio of the scalar sum of track momenta X |p| in a cone of R = 0.4 to

Y |p| in a cone of R = 0.7 around the jet center;
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e the number of towers in cones of size R = 0.4 and R = 0.7 around the jet center, as

gluon jets will typically have their energy spread across more towers;

e and, the number of tracks in cones of size R = 0.4 and R = 0.7 around the jet center,

as gluon jets will typically have higher charged particle multiplicities.

Variables that we include due to their correlations with the Track and Tower NN values

include the following:

e the jet E7, as jets with higher Et are typically more collimated and so naturally have

higher Tower NN values;

¢ the jet 1, so we avoid any dependences in the final NN on differences in the behavior

of the calorimeter in different n regions;

e the jet EM fraction (Egm/Enan), SO We avoid any differences in that Tower NN value

that may arise due to non-compensating aspect of the calorimeter;

e and, the number of identified interaction vertices, N, as events with more pileup
will have more energy deposited throughout the entire calorimeter, which has the

effect of making jets appear broader/less collimated.

Again, the gluon jet Er and 7 distribution are reweighted to match that of the quark jets
(and the N, distributions intrinsically agree), so that the final discriminant does not show
a bias towards jets based solely on these variables, but instead only with correlations of
these and other variables.

The output of this final ANN is shown in Fig. 7.6 for light-flavor quark and gluon jets
from the Z — u*p~+ jets MC sample we use to test the network for overtraining. We see
good discrimination between light quark and gluon jets in this final “QG” value: the former

more strongly peak at a high score than they do in either the Tower or Track NN values;
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meanwhile, the gluon jets have a QG value that is near —1. From these MC samples,
the efficiency of a tag that rejects ~ 90% of gluons would keep almost 50% of light quark
jets, which is a performance almost on par with b-taggers. However, this performance is
highly optimized for jets in MC, and as we saw in our determination of the quark and gluon
jet energy scales in Sec. 5.6, there are differences in the modeling of gluon jets between
MC and data. Thus, we must check that the behavior is similar in data, and calibrate the

ANNS’ response if it is not.
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Figure 7.6: The output of the final ANN for light-flavor quark (blue) and gluon (red) jets.
Higher NN scores indicate jets that are more quark-like. In MC jets, we see good separa-
tion between quark and gluon jets.

7.3 Jet QG Value Calibration

The response of the ANN quark/gluon discriminant may differ between data and MC sim-
ulation, especially since raw (uncorrected) tower energies are used in the construction of
the tower ANN, as CDF does not employ individual tower energy corrections. Since our

signal and most backgrounds are modeled with MC, it is necessary to calibrate the Monte
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Carlo response to match the behavior of the data. We do so using an independent control
region with jets similar to those in our final state, W — (v + 1 jet events, and then further
validate and establish uncertainties on the modeling using data regions very similar to our
diboson signal and dominant Z + 2 jets background regions: tt — W*bW~b — (*1,bbqq’

decays, and W — (v + 2 jet events, respectively.

7.3.1 Calibration Selection Region

To form our W + 1 jet calibration sample, we choose data from the standard high-pr cen-
tral electron or muon triggers also used in our selection for studies of the bness tagger,
described in Sec. 6.4. We then apply the selection requirements summarized in Tab. 7.1.
We require there be one and only one central lepton (TCE objects for electrons, or CMUP
or CMX muons) with pr > 20 GeV/c. To pick events consistent with a W — (v de-
cay, we also require a large amount of missing transverse energy, £r > 25 GeV, and a

reconstructed transverse mass given by

my = \/Zp'?pw”ET <1 — Ccos Aqb&ET) ,

where A(b&ET is the difference in ¢ in the direction of the lepton pr and ET vectors, be
consistent with leptonic W= boson decays. To further eliminate any contributions from
multijet events where jets fake our lepton +F; signature, we require that the Er not be
aligned with any reconstructed jet via a cut on AngT,nearest jet? and that the Er-significance
be large. We also require that the events in this calibration sample have one jet with
Er > 20 GeV and |5| < 2.0, but have no other jets in that region with Er > 20 GeV.

We consider a number of processes that may contribute to this selection, and model
them with a combination of PYTHIA, ALPGEN, and MADGRAPH [73] event generators in-

terfaced with PYTHIA for showering. The dominant contribution is W — /v production in
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W + 1 jet Event Selection
Nvtx > 0
Nleptons =1
Lepton passes TCE, CMUP, or CMX selection
Lepton pr > 20 GeV/c
ET > 25 GeV
W mr > 25 GeV/c?
Er-significance > 1(4) for u(e) events
AqﬁE > 0.2 rad (nearest jet with Er > 5 GeV)
T,nearest jet

Jet Er > 20 GeV and |n| < 2.0

Table 7.1: Summary of event selection requirements for our W + 1 jet selection, used to
calibrate parts of our QG discriminant.

association with one jet, which we model using an ALGPEN event generator interfaced
with PYTHIA for showering, similar to our Z + jets MC sample. As we are largely con-
cerned with the agreement in shapes between data and MC, we scale the MC to match
the normalization of the data. Additionally, we reweight the MC to match the jet E+ and n
distribution of the data, to remove these variables as a factor in any mismodeling of the

other quantities used in forming the jet QG value.

7.3.2 Tower NN Calibration

In Fig. 7.7 we compare the distribution of the Tower NN value in data and MC. Our sim-
ulated model, almost entirely ALPGEN-generated W + 1 parton MC, does not match the
data well, as the data appears more gluon-like. That jets in data appear more spatially
spread than jets in MC is consistent with the disagreements between data and MC in jet
energies from Sec. 5.6, where we found the amount of energy contained within a cone of
R = 0.4 is higher in MC gluon jets than those in data.

We correct for these discrepancies by applying a linear shift to the Tower NN values in

MC in order to match the data in the W +1 jet sample. We perform different linear shifts in
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Tower NN Value in W + 1 Jet
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Figure 7.7: The distribution of Tower NN values in our W + 1 jet selection. We do a linear
correction to the MC Tower NN values for these jets in order to improve the MC modeling
of the final QG value.

four different 7 regions; the regions are chosen to get separate corrections for jets entirely
in the central calorimeter, mostly in the central calorimeter, mostly in the plug calorimeter,
or entirely in the plug calorimeter. Different corrections are also derived based on N, to
account for possible differences in the effects of pileup between data and MC.

The corrections are made in the following way. We first make a histogram of the data
jets’ Tower NN values using 60 bins between -1.5 and 1.5 and a histogram of the Monte
Carlo jet Tower NN output over the same range, but with 600 bins. We then compare the
number of data events in each bin, starting from the lowest Tower NN values, with the
number of Monte Carlo events in that same Tower NN range. If the agreement is within
a specified tolerance, we move to the next data bin. If the agreement is not within that
tolerance, we find the value of Tower NN output in the Monte Carlo that would serve as the
best upper edge to match the number of data events in that bin, and then evenly expand
or contract the MC Tower NN values to match the range of the data in that bin.

As an example, suppose that there are more events with a Tower NN between a and

b in data than in Monte Carlo. We find the value b" € [a, b] for which the number of events
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in the Monte Carlo with Tower NN between a and b’ is the same as (or closest to) the
number of data events with Tower NN between a and b. Then, for every jet with Tower NN

between a and b’ in the Monte Carlo, we change the Tower NN value (NNower):

NNtower — a+ (NNtower - a) X

Then, if there are more events with a Tower NN output between b and c¢ in data than
between b and ¢ in the Monte Carlo, we do a similar procedure, finding the value ¢’ for
which the number of Monte Carlo events between b and ¢ is closest to the data, and

changing the Tower NN output in that region accordingly:

p c—b
NNiower — b+ (NNiower — b)) X ( ) )

The procedure is similar for the case where the number of data events in a bin is less
than the number of Monte Carlo events. As an outcome of this procedure, the Tower NN
values between data and MC will, by construction, agree exceptionally well.

We also ensure that correlations of the new Tower NN variable with other variables that
use uncorrected tower energies are similar between data and MC. These correlations are
important to model properly, as they will affect the response of the final QG value in the
network. In Figure 7.8, profile histograms show the correlation between the Tower NN
variable and the Niwers in @ cone of size R = 0.7, and the ratio of tower energy sums: L E
(cone R =0.4)/ XE (cone R = 0.7). We see that the data is not well modeled by the
MC, even after correcting the Tower NN value in MC. Thus, we introduce a correction to
account for this effect. For each bin (of width 0.05) in the correction Tower NN value, we
make a shift of Nigwers — @ * Niowers + b, Where a and b are determined using the profile
histogram. We need only a shift of the form XE (R = 04)/ XE (R =0.7) —» ax XE
(R =0.4)/ XE (R = 0.7) for the energy ratio in order to better match the data. These
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corrected values are determined separately for forward and central jets, as well as for

events with different Niy.

Correlation Control in W + 1 jet Correlation Control in W + 1 jet
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Figure 7.8: Profile histograms showing the relationship between the Tower NN value (the
corrected one in MC) and the N;ers in @ cone of size 0.7 (left), and the ratio of E (cone
0.4) / ¥ E (cone 0.7) (right), comparing data (black) with MC (light blue).

7.3.3 Track NN Calibration

We also check the output of the Track NN values and also see a difference between data
and MC. Some of this difference can be attributed to differences between the number of
tracks in jets in data and MC, due to an overefficiency of track reconstruction in the MC.
We reweight the MC events to match the distribution of number of tracks in the data, and
the result for jets with more than two tracks is shown in Figure 7.9. We see some slight
disagreement between the MC and data in the Track NN output, but it is much smaller in
degree than in the Tower NN case, due to the better modeling of tracks. The data Track
NN values, compared to those of the MC, tend to be slightly higher (more quark-like) in
jets with more than two tracks within a cone of R = 0.7. To correct for this discrepancy, we

input a small, constant linear shift to the Track NN values. Because the response function
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of the neural network is tanh(), we apply a correction to MC as
NNirack — tanh[tanh‘1 (NNirack) + €],

where we determine the value for ¢ by comparing the mean of the data and MC distribu-
tions. This correction is done separately for events with different Ny, but the differences
between events with different N,y are, on the whole, rather small.

Track NN Value in W + 1 Jet

P ] R T T T

o,

- Data
I Diboson
L IT;
single-t
BZ+bjets
MZ+jets
BW + b jety
MW +jets

Events / bin

6000
4000

2000

15
Track NN

Figure 7.9: The distribution of Track NN values in our W + 1 jet selection for jets with three
or more tracks within a cone of R = 0.7. After reweighting the N, distribution we see
good agreement between data and MC. We do a minor correction to the MC Track NN
values for jets with three or more tracks based on the differences in these distributions.

7.3.4 QG Value Calibration Results

All calibrated variables in MC are input directly into the final ANN without retraining the
network. The effect of the calibrations on the final jet QG value is shown via a comparison
of data and MC in Z + 1 jet events, using the selection from Sec. 4.4, in Fig. 7.10.
This sample is orthogonal to the calibration region. We see much better modeling of the

QG values after the calibrations, though we do see some disagreements, especially in
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a region at lower QG value. These remaining differences will be evaluated and handled

separately in the following section.

Jet QG Value in Z + 1 Jet Jet QG Value in Z + 1 Jet
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Figure 7.10: The distribution of the final QG neural network values in our Z + 1 jet selec-
tion. We show the MC distribution before (left) and after (right) the calibrations of the QG
value response. We see much better agreement between data and MC after corrections.

7.4 Evaluation of “Light Tag” Efficiency and Mistag Rate

Similar to our characterization of the jet bness tagger, described in Secs. 6.3-6.6, we
determine a mistag rate and tag efficiency for placing a cut on the jet QG value in order to
form a light-flavor tag region in our data selection. The procedure follows that described
in detail for the jet bness: using two sets of data with differing light quark content, we
iteratively determine a tag and mistag rate for a cut on the jet QG value in both data and
MC. We can then correct the MC to match the behavior of the jet QG cut in the data.

For a sample rich in light quarks, we again use a tt — W*bW~b — bbl(*1,qq’ selec-
tion where we now select the two jets with lowest bness values to pick out the two jets
most likely from the hadronic decay of the W boson. We use a W + 2 jet sample as a
sample richer in mistags, and similar in quark/gluon content to our Z + jets background.
Tab. 7.2 summarizes the cuts placed to form the two data samples: the W + 2 jet sample

is similar to the previously described W + 1 jet sample, except we modify the cuts on the
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jets to better match those used in the signal region of our ZW/ZZ — (*(~ jj search; mean-
while, the tt selection eschews the £r-sig and my cuts to reduce multijet backgrounds in
favor of requiring a minimum scalar sum of the Er of identified objects (jets, £Er, and the

lepton pr) in the event.

W + jets Selection tt Selection

W + jets* 21520 + 2150 38.7+3.9

W + b jets* 937 + 375 13.8+5.5
Z/DY + jets 1249 + 125 3.1+0.3
Z/DY + b jets 86 + 34 1.4+0.6
ww,/wz 1386 + 83 59+0.4

single t 767 £ 77 19.6 £ 2.0
tt 1378 + 83 469 + 28
tt (b-jets) 108 +7
tt (g-jets) 361422
Total Expected 27319* 551 + 30

Data 27319 579

*W+ jets samples have been scaled to as to produce agreement with data in the number of events.

Table 7.3: The number of events in the W + 2 jets and tt lepton + jets region, showing only
the uncertainties assigned on the normalization of each sample. The distinction between
b and q jets in the tt sample refers to the lower two bness jets: events where both jets are
matched to non-b quark jets are labeled “g-jets”, while if one of the jets is matched to a b
jet, it is labeled “b-jets”.

Because we are looking for jet QG shape differences between data and MC that will
translate to acceptance uncertainties when we place a cut on the jet QG value, we scale
the number of W+ jet events in the MC to match the data in our W + 2 jets sample, and
apply that same scaling to W+ jet samples in our modeling of the tt selection. The number
of events in each sample is shown in Tab. 7.3. We take uncertainties on the normalizations
of our tt, single-t, WW/WZ, W/Z + jets, and W/Z + b jets samples to be 6%, 10%, 6%,
10%, and 40%, respectively, based on uncertainties from the theoretical cross sections
(for the top quark and diboson samples), or as the magnitude of the necessary scaling in

order to agree with data (for the W /Z+ jets samples).
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The distributions of the maximum and minimum QG values of the two jets considered
are shown in Fig. 7.11. We see fairly good modeling in the tt sample, especially when tak-
ing into consideration the small normalization difference between the data and MC model
here. We see poorer modeling in the W +2 jet sample, where, after our calibrations, jets in
MC are slightly more gluon-like than those in data. The reasons for this mismodeling may
be due to residual differences between data and MC in the QG response after the applied
calibrations, differences in the quark/gluon content between data and MC, and differences
in other related variables (like the jet Er spectrum) that may be correlated with differences

in the QG value.
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Figure 7.11: Distribution of the maximum (/eft) and minimum (right) jet QG values of the
two jets in our W + 2 jet (top) and tt (bottom) samples. The distinction between b and
q jets in the tt sample refers to the lower two bness jets: events where both jets are
matched to non-b quark jets are labeled “g-jets”, while if one of the jets is matched to a b
jet, it is labeled “b-jets”.

We can determine an efficiency for quarks to pass a certain jet QG value cut and
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gluons to be “mistagged” using this cut with the tt and W + 2 jet samples in a way directly
mirroring the jet bness efficiency and mistag rate determined in a tt and Z + 1 jet sample.
The efficiency measured in data — ep(q), as it is a function of the QG cut placed — may be

expressed as:

_ eraw(q) - Sm(q)mMC(Q)fg
1—1, ’

en(q) (7.1)

where e, is the fraction of data events passing the QG cut; myc is the mistag rate for
gluons to pass the cut, as measured in MC; s, is a scale factor on the mistag rate in
MC to match the mistag rate measured in data; and, f; is the fraction of gluon jets in the

sample. We can write a similar expression for getting the mistag rate from

) = Mraw(q) — Se(CI)eMC(Q)fq

mo(q) = s , (72

where m,,, is the fraction of data events passing the QG cut; ey is the efficiency for
quarks to pass the cut, as measured in MC; s, is a scale factor on the efficiency in MC to
match the mistag rate measured in data; and, f, is the fraction of quark jets in the sample.
Uncertainties on these quantiites follow those shown in Egs. 6.7 and 6.8.

We measure the QG-tag efficiency in the tt sample, where we have a very small
number of gluon jets, and measure the mistag rate in the W + 2 jets sample, where the
gluon fraction is much larger, and similar to our Z + 2 jet signal region. Tab. 7.4 shows the
efficiency and mistag rate for our given cut at minimum QG > 0.0, measured in both data
and MC. For this operating point, we see that the MC underestimates the rate for quark

jets to pass the jet QG cut, while more correctly modeling the observed mistag rate.
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Quantity QG Cut

Data MC % Difference % Error

Mistag Rate > 0.0
Tag Efficiency > 0.0

0.087 0.088 —-1% 31%
0.295 0.241 +18% 12%

Table 7.4: The efficiency and mistag rates for a cut on the minimum jet QG value in our
two-jet samples at > 0.0, determined from comparisons of data and MC in our W + 2 jet

and tt control regions.
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CHAPTER 8
SIGNAL EXTRACTION AND RESULTS

While there are a number of characteristics that distinguish the ZW/ZZ diboson signal
from our dominant Z+ jets background, the most prominent is the reconstructed invariant
mass of the two jets in our selection. Shown in Fig. 4.7, our signal has a Gaussian-
like peak around 80 GeV/c?. The jet energy resolution is not fine enough to distinguish
between the mass of the W and Z bosons, thus both W — gq’ and Z — gg decays make
up that peak. Meanwhile, the Z+ jets background has a significantly lower dijet mass
spectrum that, after a peak at about 50 GeV/c?, is smoothly falling in the region where
our signal peaks.

The difference between signal and background in the mj; spectrum motivates a strat-
egy to extract our diboson signal via a fit to this distribution. We perform the fit to the dijet
mass spectrum between 20 GeV/c? and 260 GeV/c?. In order to increase our sensitiv-
ity, we split up the Z + 2 jet selection using our tagging variables and obtain regions of
data with larger S/B. We place a cut on the jet bness variable (Chap. 6) to increase our
sensitivity by picking out ZZ — ¢*¢~ + bb events, as the bulk of our background does not
contain b jets. We also place a cut on the jet QG variable (Chap. 7) since the remain-
ing signal events should contain two light-quark jets from the decay of a W or Z boson.
Because heavy-flavor jets tend to be more spatially spread than light-flavor jets, it is im-
portant that we apply the b-tagging selection before applying a light quark-tagging cut.

Thus, we separate our dijet mass fit into three separate channels:

1. A heavy-flavor tagged region, using a cut on the jet bness values.
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2. A light-flavor tagged region composed of events that fail the b-tagging requirement,

but pass some cut on the jet QG values.

3. A no-tag region composed of events that fail both cuts.

The inclusion of a no-tag region allows for the collection of quark jets that end up failing
the two tagged requirements; all events with 20 GeV/c? < m; < 260 GeV/c? and pass
the selection requirements in Tab. 4.1 are included in the signal extraction in order to
maximize our acceptance. The structure of events into the three fitting channels is shown

in Figure 8.1.

Z + 2 Jet Selection

Pass HF
Tag?

HF-Tag LF-Tag No-Tag
Channel Channel Channel

Figure 8.1: Flow chart showing how the events in our Z + 2 jet signal region are divided
into our three fitting channels. First, we use the jet bness values to tag jets likely from
a Z — heavy flavor quarks decay. For events that fail that cut, we then use the jet QG
values to tag jets likely from a Z — light flavor quarks decay. The remaining events enter
a no-tag channel.

We determine where to place our tagging cuts by maximizing S/v/B in a region under
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the dijet mass peak of the signal (between 60 GeV/c? and 120 GeV/c?). We find the
best placement for our heavy-flavor tag cut is to require the minimum jet bness of the two
leading jet to be greater than 0.0. Similarly, we find the best definition of our light-flavor
tag channel to be events with minimum jet QG value greater than 0.0. Both minima are
rather shallow, and cuts over a range around these threshold values would yield similar
sensitivity. The two tagging variables are shown in Figures 8.2 and 8.3. The agreement
in the jet bness is rather good, while the modeling of the jet QG value suffers from a
disagreement between data and MC that is similar to that in the W + 2 jet region. Our
corrections on this variable derived from that region, along with the calculation of the
systematic uncertainties on that correction, should hold in the signal region.

CDF Run Il Preliminary
ZW/zz-1ljj, L =89 b

CDF Run Il Preliminary —— Data
| — Background
— Signal

Zw/zzlij, [L = 8.9 fb”

—o-Data
Bmwz+zz
M it
BZ+bjets
Z+jets
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Events/bin

Events/bin (Normalized)

a1 PR R R ST N R SR
05 1 1073 05 0 05 1
Minimum Jet bness Minimum Jet bness

Figure 8.2: The distribution of the minimum jet bness in our Z + 2 jet region. Overall we
see pretty good agreement in data and MC, and we see MC samples with b-quarks in
them (¢t and Z + bb) show high values, as expected.

The total number of events and the events in each channel of the dijet mass fit are
shown in Tab. 8.1. The number of events in the data and predicted by our background
model are in good agreement within the systematic uncertainties, described in further
detail in Sec. 8.2. The distributions of the dijet mass in each of the fitting channels are
shown in Figs. 8.4-8.6. Other variables describing the kinematics of the jets are shown in

App. B.
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Figure 8.3: The distribution of the minimum jet QG values in our Z + 2 jet region. Our
signal has a higher jet QG value, as expected since it is composed largely of quark jets.

| All Events HF-Tag Chan. LF-Tag Chan. No-Tag Chan. |
Z +jets 8,667 +1,113 93+ 14 1,454 + 307 6,721 + 968

Z + bjets 714 +£299 111 £ 48 53.8 £25.5 536 + 230
tt 9.2+0.9 3.3+04 0.7 +0.1 52+0.6
Fakes 330 + 165 48+24 39.4 +20.3 283 + 142

Total Bkg. 9,720 + 1,247 212 £55 1,617 +£325 7,890 +1,071
W+ 27 313£29 128+ 1.6 84.8 +£12.3 205 £ 22

Predicted Events 10,033 £+ 1,259 225+ 55 1,706 =331 8,102 +1,080
Data Events 9,846 172 1,724 7,950

Table 8.1: The expected number of events (compared with data) in each channel of the
fit of the dijet mass distribution. The uncertainties here represent all systematic uncer-
tainties, including the luminosity. While we let them remain unconstrained in the fit, we

include 10% and 6% uncertainties on the normalization of the Z+jets and signal samples,
respectively, in this table.

8.1 Details of Fitting Procedure

After splitting the data into the three tagging categories, we extract the number of sig-
nal events using a y2-minimization fit to data. The fit is done using many aspects of
the mclimit limit-setting program, described in [74]. We supply histogram templates for

our signal and background samples, and use those templates to fit data or pseudo-data
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Figure 8.4: The dijet mass distribution in our heavy-flavor-tagged channel, with MC nor-
malized absolutely (left) and to equal area with the data (right).
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Figure 8.5: The dijet mass distribution in our light-flavor-tagged channel, with MC normal-
ized absolutely (left) and to equal area with the data (right).

histograms. The bins of pseudo-data histograms are filled by throwing random numbers
following Poisson distribution with a mean equal to the expected number of events in that
bin. We also provide a list of systematic uncertainties that may change the normaliza-
tion and/or the shapes of the templates. These systematic uncertainties, described in
Sec. 8.2, are allowed to vary in order to minimize the x2 of the fit, though they are typically
under a Gaussian constraint so as not to stray far from their nominal values. Therefore,
these “nuisance parameters” are fit for in the procedure. The systematic uncertainties are

also allowed to vary, according to their Gaussian constraints, in generating the pseudo-
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Figure 8.6: The dijet mass distribution in our no-tag channel, with MC normalized abso-
lutely (left) and to equal area with the data (right).
data.

We use five templates corresponding to the four main components of our background
modeling plus our signal model to fit the data: Z+ jets, Z+b jets, tt, fakes, and our ZW/ZZ
diboson signal. The normalization of each template comes from the method described
in Sec. 4.3, but in the fit the normalization of some templates is allowed to vary without
any constraints. Since our goal is to measure the cross section for ZW /ZZ production in
this leptons plus jets channel, we allow the normalization of the signal template to vary
unconstrained. Additionally, we allow the normalization of our the Z + jets background to
also vary unconstrained, as this normalization should be largely constrained by the fit to
regions with little signal (low and high dijet mass bins). The normalization of Z + b jets
template is also unconstrained, but is pinned to move in the same direction as the Z + jets
normalization, preserving the ratio of oz,p jets /0 z+jets @S Measured in [51].

The fit is performed simultaneously in the three fitting channels, with all normalizations
and other nuisance systematic parameters correlated among the three channels. A y? pa-
rameter is constructed following a calculation of a binned likelihood, described in greater
detail in [75]. For each set of pseudo-data (and for the actual data), we first perform a

“null hypothesis” fit, where we assume there is no signal, calculating a x2,,. Then we per-
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form a fit using the “test hypothesis”, where we include in the fit the possibility of signal,
extracting a 2. We can then calculate a Ax? = 24 — X2, Which reflects how signal-like
the data or pseudo-data is. Note that Ay? is always less than zero, since it is always the
case that x2 < x2,, a reflection of the fact that we can always perform a better fit with
an additional free parameter with which to fit.

The final result of the fit is the minimum 2, x2,;, Ax?, and a list of the normalization
and nuisance parameters used to create the best fit. The most important parameter to
extract in this analysis is the normalization of the ZW/ZZ diboson template (which is

highly correlated with Ax?), as that may then be translated to a measured cross section.

8.2 Systematic Uncertainties

In performing the fit to data, we simultaneously fit for systematic errors that can affect
the shape or normalization of the dijet mass distribution. Normalization uncertainties are
handled by assigning what a 10 variation in a systematic parameter corresponds to, and
then determining how much that 1o variation changes the normalization of a specific
template. The systematic parameters are then treated as fitting parameters in the y?
minimization, but are typically assigned a Gaussian constraint, so that deviations from
their nominal (Oc) value incurs a penalty in the calculation of the 2.

Uncertainties that may change the shape of the dijet mass distribution in our back-
ground models are handled through a histogram morphing procedure, described in greater
detail in [76]. The goal of this morphing procedure is to produce a m; template given a
desired variation of a particular systematic parameter. We use a simple “vertical” mor-
phing procedure where the number of events in each bin vary linearly with the distance
in o from the expected value of the systematic parameter. We obtain dijet mass shapes

corresponding to +/ — 1o variations in a systematic parameter by varying that parameter,
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obtaining new background templates for the my; distribution, and using these templates
along with our nominal background template as endpoints in the vertical morphing.

Unfortunately, simply performing the morphing procedure with these templates may
lead to two problems. When performing the morphing procedure between the —1+ and
+10 template, it is not guaranteed that the produced 0o template will agree with the nomi-
nal background template, as it should. Alternatively, if we perform the morphing procedure
between —10 and O for desired variations < Oc, and between 0o and +1¢ for variations
> 0o, there may be a discontinuity in the rate of change of the templates at 0o that may
produce a false minimum in our fitter. To avoid these issues, we symmetrize the error in
each bin of the mj distribution by comparing the error from +10 and —10 variations with
the nominal background template. The histograms are then morphed using these sym-
metrized templates, where we are ensured that we get the correct central-value template
with no discontinuities in the rate of change.

To handle shape systematics in our signal samples, we use a more analytic procedure,
as the histogram morphing procedure described above does not always exhibit smooth
variation of the mean and width of a Gaussian-like distribution. We fit the central distribu-
tion in each channel to a Gaussian function on top of a 4" degree polynomial, and then
fit +10 and —10 template shapes with that same function, only allowing the Gaussian
parameters to change. Then, we fit the resulting fit parameters to a line, forcing the lines
to pass through the central value parameters, and draw intermediate shapes using those
fits. This avoids using the histogram morphing in mclimit, which can give trouble in the
x? minimization for these samples. These fits are shown in App. D.

We now give a summary of the systematic uncertainties considered in this analysis. A

summary of the uncertainties considered in the fit is shown in Tab. 8.3.
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8.2.1 Cross Section/Normalization Uncertainties

A summary of the independent normalization uncertainties assessed on the background

templates are given below:

e Z+ jets — as mentioned in Sec. 8.1, the normalization of the Z+ jets template is not
constrained by any systematic uncertainty, due to the way in which the normalization

is determined in the Z + 1 jet comparisons between data and MC;

e Z + b jets — while the Z + b jets template’s normalization is pinned to move with
the unconstrained normalization of the Z+ jets template, an additional uncertainty

on the relative Z + b jets cross section of 40% (see [51]) is applied;

e {t— we take an uncertainty of 6.5% on the tt template’s normalization based on the

theoretical uncertainty on the production cross section;

e Fakes — as discussed in Sec. 4.3.2, we take a 50% uncertainty on the fake rate
for jets to fake electrons (where we assume all fake rates for the various electron
definitions and jet energies are correlated) based on the fake rates derived from

different jet triggers;

8.2.2 Jet Energy Scale and Resolution Uncertainties

A significant uncertainty in this analysis is in the proper modeling of the jet energy scale
(JES) by our Monte Carlo simulations. The details of the jet energy scale uncertainty are
given in Sec. 5.6.4. As stated there, the uncertainty on the difference between quark jet
energy scale in data and MC is ~ 2.7% of the jet energy, while the uncertainty on the
gluon jet energy scale is ~ 4.4%. These uncertainties are anti-correlated, and so we

obtain “+10,4es” templates by moving the quark JES up by 2.7% while moving the gluon
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JES down by 4.4%; similarly, the —10,4es templates are created with shifts of —2.7% and
+4.4% in the quark and gluon JES, respectively.

The effects of the JES uncertainty on template normalizations are considered for all
templates derived from MC (Z+ jets, Z + b jets, tt, and ZW/ZZ), while correlated shape
uncertainties are also considered for all but the tt template, whose contribution is small
enough that shape uncertainties don’t affect the result of the fit.

To evaluate a +10 uncertainty template due to the jet resolution, we smear the jet en-
ergies MC samples using a Gaussian distribution with mean of 1.0 and width 0.03 - E7 +
1.7(GeV)/Er, where Er is in units of GeV. From this, we get rate systematics to all MC
templates, and shape systematics for everything but t{. We take the smeared template
as the +10 systematic template shape, and interpolate/extrapolate for all nuisance pa-
rameters using this shape and the central one. We allow the resolution to get “better” by

extrapolating to negative values, in units of o.

8.2.3 Lepton Energy Scale and Resolution Uncertainties

We raise and lower the energy/momentum scale of all leptons in MC samples by +1%,
and see a slight difference in acceptance, that we take as an uncertainty on the rate.
No differences in the shape of the templates are noticeable, and so we do not include
a shape uncertainty for the lepton energy scale. As an uncertainty on the lepton en-
ergy/momentum resolution, we smear all lepton energy/momenta using a Gaussian dis-
tribution with a width of 2% of the lepton’s energy. This is used to establish a rate uncer-
tainty for changing the lepton energy resolution; no significant change in the shape of the

dijet mass templates is observed.
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8.2.4 Jet bness and Jet QG Value Cut Uncertainties

Studies of the differences between the mistag rate and tag efficiency in data and MC
are summarized in Secs. 6.5 and 6.6. Our cut requiring the minimum jet bness to be
greater than 0.0 in order to enter our heavy-flavor tag channel has a higher mistag rate in
data than predicted by MC simulation, and a lower efficiency for selecting b jets. Rather
than apply a simple scale factor to modify the MC to make this change, we implement
corrections to the MC by modifying the location of the bness cut in MC simulated samples
in order to match the mistag rate/efficiency seen in the data. Thus, the cut for non-b jets
is lowered to bness > —0.25, and the cut for b jets is raised to bness > +0.35. These
changes in the cuts are summarized in Tab. 8.2.

To evaluate a systematic on these efficiency and mistag rate values, we raise and
lower the bness cuts in MC in a correlated fashion to match the +1¢ values on the b-tag
efficiency and mistag rate given in Tab. 6.4. These changes lead to rate uncertainties that
affect all MC templates, not just the heavy-flavor tagged ones, as events can move across
channels depending on where the bness cut is. While we see no variation in shape for
the signal and tt template, we do consider a correlated shape systematic for the Z + jets
and Z + b jets templates due to the variation in the bness cut.

Similar to the treatment of the bness cut, we use our studies of the efficiency of a
jet QG value cut in a tt signal-like region and W + 2 jets background-like region (see
Sec. 7.3) to modify the cut on MC samples to better match the data. We also modify
the cut to establish +10 templates for our MC samples. We obtain uncertainties on the
normalization of MC templates in the light-flavor tag and untagged channel (note they will
be anti-correlated), along with shape uncertainties for the Z+ jets and Z + b jets templates
due to variations in this cut. The changes made in the cuts on MC samples are also

summarized in Tab. 8.2.

160



‘WaY} Uo saljuieladun ay) pue sajel Jadoud ayj [opow 01 DN ul sebueyod anjea 1no Alessadsau
ayl yum Buoje ‘Dp\ pue elep ul pajen|eAs Sind anjeA H) pue ssauq JIno Jo} sojel Bejsiw pue Aouaiole ay] :g'g a|qel

suon|6 o] payojew syl (LL'0—‘GLL0°0—‘60°0) 880°0 /200 F /800 Aousiog punoibyoeg
sysenb o1 payojew sjal (¥1'0—‘60°0— ‘G2£0°0—) 120  ¥E00F G620 Aousioyg jeubis

1N0 anjeA HY 18

syenb g 0} payodrew sjaf (9°0+°Ge°0+°1°0+) ¥89°0  6¥0°0F 2290  Aousioiyg Bel
sy/enb g o} paydjew jou sjel (81'0— ‘¥2°0—‘22°0-) 02/0°'0  #£00°0 F 6180°0 8y beisin

N0 Ssauq o1

"** 0] paljddy (01+°00'01—) sInQ QN WBEAINDT O eleg

161



8.2.5 Uncertainties from o

ALPGEN uses the following expression for calculating the strong coupling constant, as [49]:

1 bj

" bslog (@2/A3)  (bslog® (Q2/AZ))loglog (Q2/A2)

as(Q)

where the constants bs and b; are the 1- and 2- loop coefficients of the QCD g function,
respectively, for 5 effective quark flavors, with some cutoff energy scale As. The strength
is determined by the parameter Q, called the factorization and renormalization scale.
Changes in Q will correspond to changes in the coupling strength of the strong force,
which may change the amounts and spectrum of initial and final state radiation, along with
some of the characteristics of hard partons produced in association with the Z boson. In
terms of the dijet mass spectrum of our Z + jets sample, as we increase the choice of Q,
we expect a narrower dijet mass spectrum.

In generating our ALPGEN Z+ jets and Z+b jets samples, we use a typical scale choice
of

> > 2
Qo = Mz + P77

which reflects the energy of the Z+ jets system. We asses a systematic on this factor-
ization/renormalization scale by generating samples with higher and lower Q?, increasing
or decreasing the @? by a factor of 2. We assign the @® = 2Q? to the +10 template,
and the Q% = ] Q2 to the —10 template. This systematic uncertainty is applied only as an
uncertainty on the shape of the Z+ jets and Z + b jets mj; templates.

Our signal sample is generated via PYTHIA, for which we may modify different but
similar parameters in the generation that govern the strength and evolution of o, at differ-
ent scales in order to increase or decrease the amount of initial and final state radiation

(“ISR” and “FSR”, respectively). We use MC generated with more and less ISR and FSR
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to establish differences in the shape of our ZW/ZZ templates—we do not see any signif-

icant changes in the normalization of the templates. In the fit, we allow these templates

to move due to changes in the ISR/FSR in a way that is independent of changes in the

Q? for the Z+ jets samples; that is, the ISR/FSR in our signal MC and the factoriza-

tion/renormalization scale in our Z+ jets backgrounds are treated as uncorrelated.

Due to the smallness of the size of the sample, we do not include any systematics due

to differences in ISR/FSR on the tt template.

Systematics in Fit  channel | WZand ZZ  Z + jets Z + bjets tt Fakes
o/Norm. all unconstr. unconstr. +40% +6.5% +50%
Jet Resolution HF-Tag +0.8% +0.3% +1.0% +0.2%
LF-Tag +1.0% +0.7% +1.5% +6.2%
No-Tag +0.6% +0.9% +0.7% +1.1%
Jet Energy Scale HF-Tag +4.0% +4.8% +3.8% +4.0%
LF-Tag +1.5% +0.3% +0.6% +3.0%
No-Tag +1.9% +5.7% +3.8% +1.9%
Q? all shape only shape only
ISR/FSR all shape only
bness Tag HF-Tag +7.8% +7.8% +9.2% +7.6%
LF-Tag +0.2% +0.0% +1.2% +2.8%
No-Tag +0.4% +0.1% +1.8% +4.5%
QG Tag LF-Tag +10% +16% +2.0% +15%
No-Tag +4.3% +3.5% +2.0% +2.0%
Lepton Energy Scale all +0.5% +0.5% +0.5% +1.5%
Lepton Energy Res. all +0.1% +0.1% +0.0% +2.7%

Table 8.3: Summary of the systematic uncertainties considered in the fit of the dijet mass
distribution. Uncertainties that change both the shape and rate of templates used in the
fit are treated in a correlated fashion.

8.2.6 Acceptance Uncertainties

Finally, there are additional systematic uncertainties not included in the fit itself but that

affect our acceptance (and thus our measured cross section):
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e Lepton Trigger/Reconstruction Efficiencies: We assign a 2.5% uncertainty on the
trigger and reconstruction efficiencies we calculate by comparing data and MC in
the Z+ 1 jet region, based on a collection of the statistical uncertainties for the

lepton pair types.

e Parton Distribution Functions (PDFs): For our signal template, we take a 2% uncer-
tainty on the normalization due to uncertainties in the parton distribution functions,

as done in [31].

e Luminosity: We take a 6% uncertainty on the luminosity for all MC-based templates,

as suggested by [77].

These uncertainties along with those summarized in Tab. 8.3 are used in the gener-
ation of pseudo-data, which are in turn used to estimate our sensitivity and get our final

measurement.

8.3 Results

We perform the fit to the data in the three fitting channels as described above. The
background + signal model, after the fit, is compared to the data in Fig. 8.7. The number of
events in each channel after the fit is summarized in Tab. 8.4. We find that in the best fit to
the data, we fit for ~ 50% of the expected signal normalization. There is good agreement
between data and MC in each of the three fitting channels, with a total y2,/d.o.f= 59.8/55,
which has a corresponding p-value of 0.31. However, the fit assuming no signal has
x2,/d.0.f= 62.0/56, and so is itself not a bad fit—the p-value for this no-signal fit is 0.27.

The changes to the template normalizations and the systematic parameters in the fit
are summarized in Tab. 8.5. The errors are as reported by the minimization program

MINIUT [78], which is used to perform the y? minimization in mclimit, and should be
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’ PI'OCGSS Nevents, HF'Tag Nevents, LF'Tag Nevents, NO'Tag ‘

Z + jets 84 + 11 1600 4 59 7160 + 660

Z + bjets 78 + 33 42 + 20 400+ 170

ftt 3.22+0.35 0.73 +0.07 5.22 +0.43

Fakes 46+2.4 39+20 273 + 142

Total Bkg. 170 + 26 1682 4+ 38 7840 + 530
W+ 27 6.1 +4.7 44 + 32 104 + 77

Total Events 176 + 26 1726 + 42 7940 + 530

Data Events 172 1724 7950

Table 8.4: The number of events in from each template, in each channel, after performing
the fit to the data.

taken to be approximations. From the parameters of the fit, we can see that the diboson
normalization is half of that expected from the Standard Model prediction. Additionally,

the Z + b jets normalization is different (by almost 1¢) from its predicted value.

Template Fit Normalization +  Error

Z+ jets +4.4% + 4.6%

Z + b jets —37% + 19%

tt —0.0% +  6.5%

Fakes —4% + 49%

W /zzZ —50% +  34%
Systematic Fit Value (o) + Error (o)

Jet Resolution +0.11 + 0.84

Jet Energy Scale +0.35 + 0.72

@? —1.31 +  0.46

bness Tag/Mistag +0.48 + 0.95

QG Tag/Mistag —0.04 + 0.12

Lepton Energy Scale +0.00 + 1.00

Lepton Energy Resolution +0.00 + 1.00

ISR/FSR —0.04 + 0.99

Table 8.5: The adjustments to the template normalizations and nuisance parameters from
the fit. The errors are as reported by the minimization program MINUIT.

Outside of the template normalizations, however, we see some interesting behavior in
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some of the nuisance parameters. The jet energy resolution and jet energy scale are both
pulled from their nominal values, in a way that would broaden the dijet mass distribution of
the Z+ jets background. Additionally, the Q2 systematic parameter varies greatly, moving
1.30 away from the central value in a way that broadens the Z+ jets spectrum. These
shifts are largely driven by the dijet mass shape appearing broader in data than MC, seen
in Figs. 4.7 and 8.4-8.6, especially in the untagged channel (Fig. 8.6). While the modeling
of the jet energies is improved by the independent quark and gluon energy corrections
(see Sec. 5.6), the improvement in the dijet mass shape is not nearly as dramatic. Still,

despite some of the pulls from fit, the overall fit is good.

8.3.1 Cross-Checks and Additional Fits

We perform a number of checks to be sure that our fit behaves in a the way we expect.
Among these is performing fits on a set of pseudo-data, generated using Poisson fluctua-
tions on the number of events from the input templates with Gaussian variations of the nui-
sance parameters. We check the output fit parameters from these pseudo-experiments,
and then check the difference between the thrown nuisance parameter (used to generate
the pseudo-data) and the value extracted from the fit. If the mean of this pull differs sig-
nificantly from 0, our fitter is biased in some direction. The width of the distribution should
also be unity: if it is smaller than 1, the fitter is performing better than expected at getting
the correct thrown value; if it is larger than 1, than our fitter is less sensitive than expected,
and we thus may be underestimating that systematic error.

The fit values and pulls are shown in App. E. We see that the pull distributions are
centered around zero, and the the widths are 1 or less, indicating that we are not under-
estimating any systematic uncertainties.

In addition, we perform a number of other fits to the data to ensure that our results are
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internally consistent, and to perhaps shed some light on the behavior of the fit, and see
what may be driving the result we obtain. These additional fits are shown in App. F. They

include the following items of interest:

¢ In fits to the electron-only data and muon-only data, we find that the electron-only
data fit (Sec. F.1) returns a diboson signal normalization rather close to the expected
one, down only by 7%. In the muon-only data fit (Sec. F.2), we fit for no signal. How-
ever, the error on these normalizations is fairly large (+46% in the electron fit, and
+42% in the muon fit, as reported by MINUIT), and so they are broadly consistent
with each other. We do find that the muon-only fit is being dominated by behavior in
the untagged channel, as when we remove that channel we obtain a normalization
nearer to the Standard Model expectation (—13% + 38%, see Sec. F.3). Importantly,
we do not see large, inconsistent shifts in the nuisance parameters when fitting for

electron and muon data separately.

e We also perform fits in each of the tag categories independently, in Secs. F.4-F.6.
We find that the number of events in the heavy-flavor tag fit is low, thus giving large
uncertainties on the signal normalization fit. The fit in the light-flavor tag region has
a signal normalization 26% less than the expected cross section, but overall is rather
good and the nuisance parameters come in very near their predicted values, with
the exception of the Q? parameter affecting our ALPGEN samples. The untagged
channel fit sees the largest differences in the background model from the nominal
templates, where both the jet energy scale and Q? systematics move more dra-
matically to broaden the mj; distribution in MC. This is consistent with our previous
findings that quark jets are typically well-modeled in MC, while there are problems
with the modeling of gluon jets, which are far more prominent in the untagged chan-

nel.
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¢ Finally, we perform a fit where we constrain the normalization of the ZW/ZZ tem-
plate to be within 6% of the expected value. This checks for consistency of our
model with the SM, and allows us to see if the nuisance parameter shifts in Tab. 8.5
are a result of the low signal normalization. We find that the x2/d.o.f for the fit with
constrained signal is 61.8/56, similar to the quality of the null hypothesis fit. The fits
to the nuisance parameters come out similar to the fit with the signal normalization
unconstrained, suggesting that nuisance parameter fit values like the Q2 and JES
are largely being driven by changes to improve agreement to the background model

in regions of low and/or high dijet mass.

8.3.2 Cross Section Measurement

To translate the result of our fit to the data to bounds or limits on the cross section of
ZW /ZZ production, we construct Feldman-Cousins bands [79] by analyzing the distri-
bution of fitted (i.e., measured) cross sections in pseudo-experiments generated with a
variety of scale factors on the input signal cross section, kK = ogenerated/osm. The set of
input cross sections in our pseudo-experiments range from 0.0 to 2.9 x ogy with a step
size of 0.1 x ogy.

For each set of pseudo-experiments, we find a range of measured cross sections that
meets a desired coverage threshold. To do this, we first bin the measured scale factors
on ogy in a histogram. The bin containing the input value of the oy scale factor acts as a
seed for our coverage interval. We then check the bin contents directly above and below
the current interval, and add the most populous one (the one with the highest probability
content) to form a new coverage interval, repeating this process until the desired coverage
is achieved. Because the fitter cannot return a negative number of fitted signal events,

the first bin (at a measured scale factor of 0) may contain a very large number of events;
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however, we do not treat it differently than any other bin, and if it is included in the range,
its entire contents contribute towards the calculation of coverage. This method is a slight
variation of the method proposed in [79], due to the strict boundary on the measured
scale factors (as well as the input scale factors), but retains the properties that it avoids
flip-flopping, and aims for coverage as close as possible to (but always as much as) the

stated value.
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Figure 8.8: Condence bands showing the expected range of measured cross sections as
a function of the true cross section, with 68% CL (black dashed region) and 95% CL (solid
gray region). Our measured result of o(pp — ZW/ZZ) = 2.5*2% pb corresponds to a limit
of ozw/zz < 6.1 pb (1 2 % USM) at the 95% C.L.

Fig. 8.8 shows the results of our Feldman-Cousins analysis. On the x-axis is the
measured cross section, as determined from the fit; on the y-axis is the signal cross

section in the generated pseudo-data. Each band on the y-axis represents the measured
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cross sections obtained in a set of 50, 000 pseudo-experiments with a given input signal
cross section, with either 68% coverage (10) or 95% coverage (20). We may then read off
10 bounds on the measured cross section by drawing a vertical line at the desired cross
section and noting where that line intersects with the 68% coverage bands. Similarly, we
may establish 20 bounds by noting intersection with the 95% coverage bands. If the 95%
bands extend down t0 ogenerated/osm = 0.0, then our measured result is consistent with no
observed signal, and we then may only report an upper limit at the 95% confidence level
(CL).

A vertical line is drawn in Fig. 8.8 that indicates our measured result. Using the 1o
bands, we measure o(pp — ZW/ZZ) = 2.5*39 pb, compared to the standard model
prediction of ogyy = 5.1 pb. We do not exclude the no-signal hypothesis at the 95%
CL—we do so at 92% CL, corresponding to a 1.75¢ significance—and establish a limit of
ozw/zz < 6.1 pb (1.2 x osy). The expected measurement, based on drawing a vertical

line at Umeasured/USM = 10, is OZW/ZZ exp. = 51420 pb
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CHAPTER 9
CONCLUSION

In this thesis, we describe a search for ZW /ZZ diboson production in a final state with two
charged high-pr leptons and two hadronic jets at the CDF detector. These processes,
predicted by the Standard Model are understood well and experimentally confirmed to
exist in fully-leptonic final states, and therefore offer a chance to test our models of some
of the basic interactions of particle physics. Furthermore, the close relationship of this
final state to Higgs boson production (in association with a Z boson) and H — bb decay
make this analysis even more important to conduct—not only to prove we can find two
jets from the decay of a massive boson, but also to prove that we can understand the
background processes in this channel.

In this search, we have done a number of new things to both improve the modeling of
our simulations and increase the acceptance to our diboson signal. We have increased
the number of triggers from which we get the data and loosened many of the quality
requirements on our lepton identification in order to increase acceptance, making use
of the fact that Z — ¢*¢~ decays are well-understood and may be used to calibrate the
efficiency at which we accept events with these decays. We further use leptonic Z decays
to calculate new corrections encapsulating the difference in the jet energy scale for quark
and gluon jets in our MC simulations. We use neural network discriminants to tag jets
likely coming from heavy and light-flavor quarks, and ensure that those discriminants our
well-modeled by our simulations. Both taggers use the large number of top quark events
now available in the CDF data sample as a way to check our simulations, and these

samples may be used to derive tag efficiencies and mistag rates. We use yesterday’s
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discoveries—like the W and Z bosons, and the top quark—as a benchmark for testing
the new tools that serve as the drivers for our new searches.

Using data over the entirety of CDF Run II, an integrated luminosity of 8.9 fbo—', we
fit for the normalization of ZW/ZZ — (*(~ + qq events using the dijet invariant mass
distribution. While we expected a measurement of o,z = 5.1 £+ 2.0 pb, corresponding

to a significance of about 2.60, we measured a cross section of

ozw.zz = 2.5%%9 pb.

This result is significant at about 1.75¢. We also report a limit on the cross section:

OzW+zz < 6.1 pb at 95% CL.

This measurement is consistent with the Standard Model prediction.

Combining this result with other decay channels, like W*Z — (v, + qq and ZZ —
vv + qq, will lead to a more significant measurement of the WZ and ZZ diboson cross
sections. If searches in these three main channels (charged leptons plus jets, one lepton
plus £r plus jets, and £r plus jets with no charged leptons) have a similar expected sen-
sitivity of about 2.50, then the overall expected sensitivity would be about 4.30 assuming
independent treatment of uncertainties. In truth, many uncertainties are correlated, which
may both hurt and help the expected sensitivity. While combinations of final states with
b jets have been done (see [35, 36]), the combination over all semi-hadronic WZ/ZZ de-
cays has not yet been reported. Future work based on data from the Tevatron and the
LHC will lead to discoveries of WZ and ZZ production in these particular decay chan-
nels alongside a much deeper understand of the W /Z + jets backgrounds, which may be
essential to searches for physics both in and beyond the Standard Model in similar final

states.
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APPENDIX A
MC SAMPLES

Here we list the MC samples used at various points in this analysis. k-factors, which
account for corrections to the leading-order cross section calculations, are included in the
cross section whenever necessary (for all samples except the diboson and tt samples).
High luminosity samples with a higher N, distribution are used when available. The
ALPGEN samples labelled "Drell-Yan” in this table refer to either a low mass mediator (20
GeV/c? < m, z- <75 GeV/c?, the xt* samples), or one with high mass (105 GeV/c? <
m,,z- < 600 GeV/c?, the yt* samples). The ALPGEN Z samples have a m; window

between 75 and 105 GeV/c2.

CDF Catalog Name o (pb) MC Generator Process
it0szz (ht0szz) 1.38 PYTHIA (High Lumi) V4
itOswz (htOswz) 3.70 PYTHIA (High Lumi) wz
itOsww (htOsww) 12.4 PYTHIA (High Lumi) ww

tt1s25 7.5 PYTHIA tt
zt0spO (bt0sz0) 221.2 ALPGEN (High Lumi) Z —ete (+0p)

Continued on next page ...
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Table A.1 — Continued

CDF Catalog Name o (pb) MC Generator Process
ztOsp1 (bt0sz1) 30.24 ALPGEN (High Lumi) Z —ete (+1p)
zt0szb (bt0sz2) 4.844 ALPGEN (High Lumi) Z —ete (+2p)
zt0s3p (bt0sz3) 0.77 ALPGEN (High Lumi) Z —ete (+3p)
zt0s4p (bt0sz4) 0.1389 ALPGEN (High Lumi) Z —ete” (+>4p)
zt0sp5 (bt0sz5) 221.2  ALPGEN (High Lumi) Z —su*p (+0p)
ztOsp6 (bt0sz6) 30.24 ALPGEN (High Lumi) Z =t~ (+1p)
zt0szt (bt0sz7) 4.844 ALPGEN (High Lumi) Z —utp~ (+2p)
zt0s8p (bt0sz8) 0.7672 ALPGEN (High Lumi) Z —ptu~ (+3p)
zt0s9p (bt0sz9) 0.1389 ALPGEN (High Lumi) Z —utus (+>4p)
zt0st2 (btOsza) 221.2 ALPGEN (High Lumi) Z =71~ (+0p)
zt0st3 (btOszb) 30.24 ALPGEN (High Lumi) Z =77 (+1p)
zt0st4 (btOszc) 5796  ALPGEN (High Lumi) Z =7t (+>2p)
zt0sb0 (bt0szd) 1.403 ALPGEN (High Lumi) Z —e*e +bb (+0p)
ztOsb1 (btOsze) 0.3752 ALPGEN (High Lumi) Z —e*e +bb (+1p)
zt0sb2 (bt0szf) 0.1078  ALPGEN (High Lumi) Z —se*e +bb (+>2p)
zt0sb5 (bt0szg) 1.403 ALPGEN (High Lumi) Z —u*p~+bb (+0p)
zt0sb6 (bt0szh) 0.3752 ALPGEN (High Lumi) Z —utp~+bb (+1p)
zt0sb7 (bt0szi) 0.1078  ALPGEN (High Lumi) Z —su*p~+bb (+>2p)
ztOsbt (bt0szj) 1.75 ALPGEN (High Lumi) Z =7t~ +bb (+>0p)
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Table A.1 — Continued

CDF Catalog Name o (pb) MC Generator Process

xt0sOp (zt0so6) 224 ALPGEN (High Lumi) Drell-Yan—e*e~ (+0p)
xt0s1p (zt0so7) 11.746 ALPGEN (High Lumi) Drell-Yan—e*e™ (+1p)
xt0s2p (zt0s09) 2.254 ALPGEN (High Lumi) Drell-Yan—e*e™ (+2p)
xt0s3p (ztOsoa) 0.3262 ALPGEN (High Lumi) Drell-Yan—e*e™ (+3p)
xt0s4p (ztOsob) 0.5572 ALPGEN (High Lumi) Drell-Yan—e*e™ (+>4p)
xt0s5p (ztOsoc) 224 ALPGEN (High Lumi) Drell-Yan—u* = (+0p)
xt0s6p (ztOsod) 11.746 ALPGEN (High Lumi) Drell-Yan—pu*pu~ (+1p)
xt0s7p (ztOsof) 2.254 ALPGEN (High Lumi) Drell-Yan—pu*pu~ (+2p)
xt0s8p (zt0soQ) 0.3262 ALPGEN (High Lumi) Drell-Yan—pu* = (+3p)
xt0s9p (ztOsoh) 0.5572 ALPGEN (High Lumi) Drell-Yan—u* = (+>4p)
xt0st0 (ztOsoi) 224 ALPGEN (High Lumi) Drell-Yan—7*7~ (+0p)
xtOst1 (zt0soj) 11.732 ALPGEN (High Lumi) Drell-Yan—7*7~ (+1p)
xt0Ost2 (ztOsok) 2.548 ALPGEN (High Lumi) Drell-Yan—7*7~ (+>2p)
yt0sOp (ztOsol) 5.698 ALPGEN (High Lumi) Drell-Yan—e*e~ (+0p)
ytOs1p (ztOsom) 0.9884 ALPGEN (High Lumi) Drell-Yan—e*e™ (+1p)
yt0s2p (ztOson) 0.1638 ALPGEN (High Lumi) Drell-Yan—e*e~ (+2p)

yt0s3p 0.0259 ALPGEN Drell-Yan—e*e™ (+3p)

ztOsop 4.66 x 1072 ALPGEN, High Lumi Drell-Yan—e*e™ (+>4p)
yt0s5p (zt0soq) 5.698 ALPGEN (High Lumi) Drell-Yan—pu* = (+0p)
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Table A.1 — Continued

CDF Catalog Name o (pb) MC Generator Process
yt0s6p (ztOsor) 0.9884 ALPGEN (High Lumi) Drell-Yan—utu~ (+1p)
yt0s7p (ztOsos) 0.1638 ALPGEN (High Lumi) Drell-Yan—pu*pu~ (+2p)
yt0s8p (ztOsot) 0.0259 ALPGEN (High Lumi) Drell-Yan—pu* = (+3p)
ztOsou 4.65 x 10~ ALPGEN, High Lumi Drell-Yan—p* 1= (+>4p)
zt0sO0h (ztOsov) 5.698 ALPGEN (High Lumi) Drell-Yan—7*7~ (+0p)
zt0s1h (ztOsow) 0.9898 ALPGEN (High Lumi) Drell-Yan—7*7~ (+1p)
zt0s2h (ztOsox) 0.1638 ALPGEN (High Lumi) Drell-Yan—7*7~ (+2p)
zt0s3h (ztOsoy) 0.0259 ALPGEN (High Lumi) Drell-Yan—7*7~ (+3p)
zt0s4h (zt0soz) 4.62 x 10~2  ALPGEN (High Lumi) Drell-Yan—7*7~ (+>4p)
xt0sb0 0.8204 ALPGEN Drell-Yan—e*e~+bb (+0p)
xtOsb1 0.1638 ALPGEN Drell-Yan—e*e+bb (+1p)
xt0sb2 0.0442 ALPGEN Drell-Yan—e*e +bb (+>2p)
xt0sb5 0.8204 ALPGEN Drell-Yan—y* 1~ +bb (+0p)
xtOsb6 0.1638 ALPGEN Drell-Yan— p* .~ +bb (+1p)
xt0sb7 0.0442 ALPGEN Drell-Yan— i* .~ +bb (+>2p)
xtOsbt 0.8764 ALPGEN Drell-Yan—7*7~+bb (+>0p)
yt0sOb 0.0403 ALPGEN Drell-Yan—e*e~+bb (+0p)
yt0s1b 0.0118 ALPGEN Drell-Yan—e*e +bb (+1p)
ytOs2b 3.36 x 1073 ALPGEN Drell-Yan—e*e~+bb (+>2p)
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Table A.1 — Continued

CDF Catalog Name o (pb) MC Generator Process
yt0s5b 0.0403 ALPGEN Drell-Yan—si* i~ +bb (+0p)
ytOs6b 0.0118 ALPGEN Drell-Yan—u* 1~ +bb (+1p)
ytOs7b 3.36 x 1073 ALPGEN Drell-Yan— it~ +bb (+>2p)
ytOstb 0.02534 ALPGEN Drell-Yan—7*7~+bb (+>0p)
ptOswO (ut0s00) 2520 ALPGEN (High Lumi) W=+ —e*v, (+0p)
ptOsw1 (ut0s01) 315 ALPGEN (High Lumi) W+ —e*ve (+1p)
pt0s2w (ut0s02) 49.42 ALPGEN (High Lumi) W= —e*v, (+2p)
pt0s3w (ut0s03) 7.826  ALPGEN (High Lumi) W* —e*v, (+3p)
ptOs4w (ut0s04) 1.442 ALPGEN (High Lumi) W+ —e*v, (+>4p)
ptOsw5 (ut0s05) 2520 ALPGEN (High Lumi) W= —u*u, (+0p)
ptOsw6 (ut0s06) 315 ALPGEN (High Lumi) W+ —u*u, (+1p)
ptOs7w (ut0s07) 49.42 ALPGEN (High Lumi) W* —u*v, (+2p)
pt0s8w (ut0s08) 7.826  ALPGEN (High Lumi) W+ —p*u, (+3p)
pt0s9w (ut0s09) 1.442 ALPGEN (High Lumi) W* —u*v, (+>4p)
utOswO (ut0s10) 2520 ALPGEN (High Lumi) W= 7%y, (+0p)
utOsw1 (ut0s11) 315 ALPGEN (High Lumi) W= —7%u, (+1p)
ut0s2w (ut0s12) 49.42 ALPGEN (High Lumi) W+ —r*u. (+2p)
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Table A.1 — Continued

CDF Catalog Name o (pb) MC Generator Process
ut0s3w (ut0s13) 7.826  ALPGEN (High Lumi) W* %y, (+3p)
utOs4w (ut0s14) 1.442 ALPGEN (High Lumi) W+ —7*u, (+>4p)
bt0sOw (bt0s00) 5.841 ALPGEN (High Lumi) W* —e*v.+bb (+0p)
bt0Os1w (bt0s01) 1.740 ALPGEN (High Lumi) W= —e*ve+bb (+1p)
bt0s2w (bt0s02) 0.5625  ALPGEN (High Lumi) W= —e*v.+bb (+>2p)
bt0s5w (bt0s05) 5.841 ALPGEN (High Lumi) W+ —p*v,+bb (+0p)
bt0s6w (bt0s06) 1.740  ALPGEN (High Lumi) W+ —p*v,+bb (+1p)
bt0s7w (bt0s07) 0.5625  ALPGEN (High Lumi)  W* —u*u,+bb (+>2p)
dtosOw (bt0s10) 5.841 ALPGEN (High Lumi) W= 7% +bb (+0p)
dtos1w (bt0s11) 1.740  ALPGEN (High Lumi) W= 750 +bb (+1p)
dtos2w (bt0s12) 0.5625  ALPGEN (High Lumi) W= —r%u_+bb (+>2p)

zt0sg5 215.04 ALPGEN (@? x 2.0) Z —ptu~ (+0p)
7t0sq6 24.64 ALPGEN (@2 x 2.0) Z =t (+1p)
2t0s7q 3.402 ALPGEN (Q? x 2.0) Z —utp~ (+2p)
zt0s8q 0.4634 ALPGEN (@? x 2.0) Z —ptp (+3p)
zt0s9q 0.0742 ALPGEN (Q? x 2.0) Z =t~ (+>4p)
zt0sr5 237.86 ALPGEN (@2 x 0.5) Z =t~ (+0p)
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Table A.1 — Continued

CDF Catalog Name o (pb) MC Generator Process
zt0sr6 40.46 ALPGEN (@? x 0.5) Z —utp~ (+1p)
zt0s7r 7.910 ALPGEN (@? x 0.5) Z =t~ (+2p)
zt0s8r 1.4742 ALPGEN (@Q? x 0.5) Z =t~ (+3p)
zt0s9r 0.301 ALPGEN (@2 x 0.5) Z —utu (+>4p)

Table A.1: List of Monte Carlo samples used in model-

ing our signals and backgrounds
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APPENDIX B
KINEMATICS IN INDIVIDUAL FITTING CHANNELS

The figures in this appendix show the distributions in data and MC of various quantities
in each of the individual fitting channels: the heavy-flavor tagged, light-flavor tagged, and
untagged channels. Both distributions with the expectation from MC absolutely normal-
ized and normalized to the data are shown. In the fit to the dijet mass distribution, the
normalization of the Z+ jets sample is unconstrained in the fit, thus the agreement going

into the fit will be more like the MC normalized to data.

B.1 Heavy-Flavor Tagged Events
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Figure B.1: The distribution of dijet mass in the Z + 2 jet signal region, with MC scaled to
the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.2: The distribution of the leading jet Et in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (top left) and with the distributions normalized to unity (top
right), and the second leading jet E+ (bottom row).
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Figure B.3: The distribution of the leading jet n in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (top left) and with the distributions normalized to unity (top
right), and the second leading jet n (bottom row).
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Figure B.4: The distribution of AR between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.5: The distribution of A¢ between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.6: The distribution of dijet pr in the Z + 2 jet signal region, with MC scaled to the
data’s luminosity (left) and with the distributions normalized to unity (right).
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B.2 Light-Flavor Tagged Events
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Figure B.7: The distribution of dijet mass in the Z + 2 jet signal region, with MC scaled to
the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.8: The distribution of the leading jet Et in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (top left) and with the distributions normalized to unity (top
right), and the second leading jet E+ (bottom row).
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Figure B.9: The distribution of the leading jet n in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (top left) and with the distributions normalized to unity (top
right), and the second leading jet n (bottom row).

Events/bin

AR between Jets

CDF Run Il Preliminary
ZWizz-lj, [L = 8.9 f

-e-Data
Hmwz.zz
it
BZ+bjets
M Z +jets
I Fakes

Events/bin (Normalized)

CDF Run Il Preliminary
Zwizz-lijj, [L = 8.9 fb”

——Data

" | — Background
— Signal

AR between Jets

Figure B.10: The distribution of AR between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.11: The distribution of A¢ between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.12: The distribution of dijet pr in the Z + 2 jet signal region, with MC scaled to
the data’s luminosity (left) and with the distributions normalized to unity (right).
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B.3 Unagged Events
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Figure B.13: The distribution of dijet mass in the Z + 2 jet signal region, with MC scaled
to the data’s luminosity (left) and with the distributions normalized to unity (right).
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Figure B.14: The distribution of the leading jet Et in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (top left) and with the distributions normalized to unity (top
right), and the second leading jet E+ (bottom row).
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CDF Run Il Preliminary
Zwizz-lijj, [L = 8.9 fb”

CDF Run Il Preliminary ——Data
g ZW/zz-lij, [L = 8.9 b ‘g\ i "|— Background
% -e- Data % 0.06 — Signal
3 WWwWz+zz g I
i g |
BZ+bjets £ o004 R
BZ+jets g
Il Fakes 2 14
0.021- + -
oL M M h
4 2 3 4
AR between Jets AR between Jets

Figure B.16: The distribution of AR between jets in the Z + 2 jet signal region, with MC
scaled to the data’s luminosity (left) and with the distributions normalized to unity (right).
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APPENDIX C
BACKGROUND SYSTEMATIC SHAPE UNCERTAINTIES

The following plots show the histograms used as bounds on the systematic uncertainties
inour Z + jetsand Z + b jets templates. We show only the uncertainties that also have
a shape uncertainty associated with them, but we show the normalization differences as
well in these templates. These histograms are used as the inputs into mclimit, and are
used to histograms for various values of the nuisance parameters through interpolation

and extrapolation, described in Sec. 8.2.

Z + Jets, HF-Tag Template Z + Jets, LF-Tag Template Z + Jets, Untagged Template

é 25"_' i " 1--- +16 JES template | ] o‘;’ 200L' i " 1--- +10 JES template N§ ! " 1--- +16 JES template
& —— nominal template ] 8 - —— nominal template 1 & 500 " —— nominal template
o ] o - 1 o -1
A - - - =10 JES template ] = - - - -1o JES template ] = - - - -1c JES template
0 -1 [2] B [} 1
g ] S 150 i £
> ] > i > .
w ] T} ] w
] 100] ]
] 50 E ]
0 e o R BT BT B = o NP B BT B
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250

Dijet Invariant Mass [GeV/c?]

Z + b Jets, HF-Tag Template

Events / 10 GeV/c?

T - - - +16 JES template 2
30 —— nominal template | &
o
- - - -1 JES template Z e

12}
T
[
>
w

4

] 2

0 1 1 1 o

50 100 150 200 250

Dijet Invariant Mass [GeV/c?]

Z + b Jets, LF-Tag Template

Dijet Invariant Mass [GeV/c?]

Z + b Jets, Untagged Template

Dijet Invariant Mass [GeV/c?]

Fa_ —— nominal template

" 1--- +10 JES template

- - - -16 JES template

! !
150 200 250
Dijet Invariant Mass [GeV/c?]

I
100

Events / 10 GeV/c?

" 1- - - +10 JES template
—— nominal template

- - - -1c JES template

50

I
100

! !
150 200 250
Dijet Invariant Mass [GeV/c?]

Figure C.1: The effect of the jet energy scale uncertainty on the Z + jets (top) and
Z + b jets (bottom) backgrounds.
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Figure C.2: The effect of the jet energy resolution uncertainty on the Z + jets (top) and
Z + b jets (bottom) backgrounds.
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(bottom) backgrounds.
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APPENDIX D
SIGNAL SYSTEMATIC SHAPE UNCERTAINTIES

The following plots show the fits to the distributions of our various shape uncertainties
on the signal shape. We use the results of these fits to modify the signal shape inside

mclimit. See Section 8.2 for details.

D.1 Jet Energy Scale

i /ndt_ 0.0002086/2
T

Fitted Width

Fitted Mean
Fitted Amplitude

Figure D.1: Fits to the signal templates in channel 1 (HF tag), varying the jet energy
scale. The top panel shows the Gaussian+fourth-degree polynomial fit to the dijet mass
distributions. The fourth-degree polynomial is fit in the central template, and then remains
fixed in the other templates. The bottom panel shows the Gaussian parameters of the fit
as a function of the JES sigma. A line fits these points very well, and we use that fit to
form templates for any value of JES required in mclimit.
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Figure D.2: Fits to the signal templates in channel 2 (LF tag), varying the jet energy scale.
See the caption in Figure D.1 for a detailed description.
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Figure D.3: Fits to the signal templates in channel 3 (no tag), varying the jet energy scale.
See the caption in Figure D.1 for a detailed description.
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D.2 Jet Energy Resolution

2 int 1788111 x*/ndf  3348/18
\\I\\\\\\\\Pm\b\\\‘\\om “I““““‘Pr‘ob‘“““b
L 32725 0148 PO 3.196+0.144
1 531 0.
4 80531 048 o p1 86.56+0.49_
3 v 1228+ 0387
p2 12.8440.39
5 027042 00162
P4 0.01736 £ 0.00038
5 00002405+ 00000027
2 P6 1.275e-06 + 1.358e-08—] 2F N

4 2.3240-09 + 4.567e-11

1 1+ -
0 ol | e
50 100 150 200 250 50 100 150 200 250
o Indt o/ 2 indt 0 o I ndt 01
§ \\\\\\\\\"\,;\‘\\\I\‘ g \H\H\HP\NL\\H|\‘ § \H\HH\P\ML\\H|\‘
5 H 3
g o L oss3:] o | g £ o 0 szr2+ o
T Pt 0030275 ofass T 3 P 0o7s2L012
H
saf 1
’_/_’—0-
Y 4 1
g
sf ]
o} 1
Lottt 1] T N I A
JESo JESo JESo

Figure D.4: Fits to the signal templates in channel 1 (HF tag), varying the jet resolution.
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Figure D.5: Fits to the signal templates in channel 2 (LF tag), varying the jet resolution.
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See the caption in Figure D.1 for a detailed description.
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Figure D.6: Fits to the signal templates in channel 3 (no tag), varying the jet resolution.
See the caption in Figure D.1 for a detailed description.
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APPENDIX E
CHECKS ON FITTING PROCEDURE VIA PSEUDO-DATA FITS

Here we show the fit values from pseudo-data drawn according to our central value tem-
plates. The actual values returned from the fit for the various parameters are shown on
the left, with the difference between the thrown and fit value on the right. We expect to
see a mean of 0 and width of 1 for the latter pull distributions. The units are in the o of
the parameter, except in the case of the Z + jets and signal normalizations, which are in
fractions of the total normalization.

We see that the means are broadly consistent with Oc, indicating that our fits are
unbiased. There are a few parameters that differ from 0, like the jet energy scale an Q2,
but these deviations are on the order of a few percent of a ¢, and thus are not cause
for major concern. They are highly correlated with each other and with changes in the
Z + jets normalizations, which is adjusted in these pseudo-experiments to match the
normalization determined from our fit to the data. The bness parameter also shows a
strange asymmetric shape, but this is consistent with a close correlation to the Z + bb
normalization, which is not allowed to go below zero and thus puts a bound on movement
of the bness parameter.

For some parameters, the widths of the fit parameter distributions are smaller than
1, indicating that our fit has greater sensitivity to changes in the fit parameters than the
input systematic uncertainty. Sensitivity studies are done with the full input systematic
uncertainties, so we are being conservative when it comes to our treatment of these

parameters.

204



JES JES

& F T T "hhp5s_JUES B & T T "hpull_JES
] E “Enties  — 50000 $ 3000/ “Entries 50000 |
z F Entries 50000 | = Entries 50000 |
2500[— Y, Mean 002466 u Mean -0.02763 |
L \ RMS 0.7508 3 \ RMs 0.6687 |
L Y/ ndf 87.87/557] + \ x*/ ndf 86.2/51-
2000— 0.003207 - Prob 0.001504 |
F 2656+ 14.6 2000— / Gonstant 2983+ 16.3 |
r 0.02474 + 0.00336 | L -0.02842+ 0.00299 |
1500[— 0.7496 + 0.0024-] i lpma 0.6676 +0.0021 |
1000 — I )
r 1 1000— —
500 . r 1
ol ks . 0 L i A n R 1

-3 2 2 -3 2 2

Fit Value [+/-c] Fit Value - True Value [+/]

Figure E.1: Fit (left) and pull (right) for the jet energy scale parameter.

[
m
]
[
m
]

g T T T T T T T T T T RS UER § 25007 T T T T T T L T RpliUER
= i p Entries 50000 | z L \, Entries 50000 |
B Mean 0.006262 | - N Mean -0.005616
[ 0.5511 | r \RMS 0.829 |
30001 | x*/ ndf 56.6 /43 | 2000 / ndf 105.9/57
L Prob 0.07994 | r Prp 8.995e-05 |
L Constant 3623+ 19.9 | L Jnstant 2404 +13.1 ]
- 0.00583 + 0.00246 | 1500— 3 -0.004448 + 0.003718—
2000(— 0.55+ 0.00] N 0.8279 + 0.0026 |
i ] 1000[— -
1000(— — r ]
i i 5001~ ]
ol s ] ol L T ]
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2

Fit Value [+/-c] Fit Value - True Value [+/]

Figure E.2: Fit (/left) and pull (right) for the jet energy resolution parameter.
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Figure E.3: Fit (left) and pull (right) for the Q? parameter.
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Figure E.4: Fit (left) and pull (right) for the lepton energy scale parameter.
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Figure E.5: Fit (/eft) and pull (right) for the lepton energy resolution parameter.
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Figure E.6: Fit (left) and pull (right) for the bness parameter.
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Figure E.7: Fit (left) and pull (right) for the QG value parameter.

IFSR IFSR

2 T T T T T hpS R 2 L e A . 7 I
_| 2000 o | ]
£ r Entries 50000 | 2 20001 P Entries 50000 |
15000 — Mean -0.001686"| L 0.001331
r RMS 0.1197 ] 3 0.9908 |
r 2/ ndf 959.7 /12 r 78.28 /57 |
- Prob 0 1500— 0.03223
3 Constant 1.681e+04 + 1.041e402 L ant 1984+ 11.0 |
10000[— Mean -0.001046 + 0.000526] L 0.001019 + 0.004561 |
+ sigma 0.1164:£ 00005 -| - 1.003 + 0.003
H B 1000— —
5000(— . L i
3 g 500 —
1 I R N AU L. RO AP AP obe—" . e

-3 -2 -1 0 1 2 -3 -2
Fit Value [+/-c] Fit Value - True Value [+/]

Figure E.8: Fit (left) and pull (right) for the initial/final state radiation parameter.
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Figure E.9: Fit (left) and pull (right) for the tt jets cross section.
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APPENDIX F
ADDITIONAL FITS FOR SIGNAL

We include a number of fits to subsets of our selection, for checks on consistency. We
show both the final fit, as well as the final fit parameters. In the fit with signal constrained,

Sec. F.7, we constrain the signal cross section in the templates to +6%.

A discussion of some of the conclusions from these fits is provided in Sec. 8.3.1.
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F.1

Electrons Only Fit
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Figure F.1: Fit to events with electron events.

Template Fit Normalization =+ Error

Z+jets +2.9% + 5.6%

Z +bb —28% +  24%

tt +0.0% + 6.5%

Fakes —6% + 49%

W /)zZ —7% + 46%
Systematic Fit Value (o) + Error (o)

Jet Resolution +0.25 + 0.85

Jet Energy Scale +0.73 + 0.77

Q? —1.30 + 0.55

bness Tag/Mistag +0.37 + 0.97

QG Tag/Mistag +0.13 + 0.14

Lepton Energy Scale 0.00 + 1.00

Lepton Energy Resolution 0.00 + 1.00

ISR/FSR —0.02 + 1.00

Table F.1: Fit parameter results with only electron events.
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F.2 Muons Only Fit
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Figure F.2: Fit to events with muon events.
Template Fit Normalization + Error
Z+jets +10.0% + 5.9%
Z +bb —43% + 24%
tt —0.1% + 6.5%
Fakes —3% + 50%
ZW/zZ —100% + 42%
— 0% (at limit)
Systematic Fit Value (o) + Error (o)
Jet Resolution +0.17 + 0.89
Jet Energy Scale +0.61 + 0.83
Q? -0.73 + 0.55
bness Tag/Mistag +0.61 + 1.03
QG Tag/Mistag -0.17 + 0.16
Lepton Energy Scale —0.00 + 1.00
Lepton Energy Resolution —0.00 + 1.00
ISR/FSR +0.00 + 1.00

Table F.2: Fit parameter results with only muon events.
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F.3 Fit Excluding Muon Untagged Channel
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Figure F.3: Fit when excluding the untagged channel in muon events.

Template Fit Normalization + Error

Z+ jets +2.6% + 53%

Z+bb ~38% +  20%

tt —0.0% + 6.5%

Fakes +5% +  46%

ZW/zZ —13% + 38%
Systematic Fit Value (o) + Error (o)

Jet Resolution +0.27 + 0.85

Jet Energy Scale +0.44 + 0.75

Q? -1.29 + 0.54

bness Tag/Mistag +0.51 + 0.98

QG Tag/Mistag —0.03 + 0.14

Lepton Energy Scale +0.01 + 1.00

Lepton Energy Resolution +0.00 + 1.00

ISR/FSR +0.00 + 1.00

Table F.3: Fit parameter results excluding the untagged channel in muon events.
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F.4 Fitin HF-Tag Channel Only
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Figure F.4: Fit for only HF-Tag region.

Template Fit Normalization + Error

Z+ jets —20% + 24%

Z +bb +2% + 47%

tt +0.0% + 6.5%

Fakes —0% + 50%
ZW/zzZ —100% + 200%

- 0% (at limit)
Systematic Fit Value (o) +  Error (o)

Jet Resolution —0.06 + 0.98
Jet Energy Scale +0.12 + 0.98
Q? —0.10 + 0.98

bness Tag/Mistag 0.07 + 1.01
Lepton Energy Scale 0.00 + 1.00
Lepton Energy Resolution 0.00 + 1.00
ISR/FSR 0.00 + 1.00

Table F.4: Fit parameter results from fit to HF-Tag only region.
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F.5 Fitin LF-Tag Channel Only
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Figure F.5: Fit for only LF-Tag region.

Template Fit Normalization +  Error

Z+ jets +2.0% + 32%

Z +bb +0.64% +  40%

tt +0.0% + 6.5%

Fakes +2.1% +  50%

ZW/zz —26% +  48%
Systematic Fit Value (o) + Error (o)

Jet Resolution —0.09 + 0.90

Jet Energy Scale —0.04 + 0.79

? —-0.47 +  0.70

bness Tag/Mistag —0.01 + 0.99

QG Tag/Mistag —0.02 + 0.95

Lepton Energy Scale 0.00 + 1.00

Lepton Energy Resolution 0.00 + 1.00

ISR/FSR —0.01 + 0.99

Table F.5: Fit parameter results from fit to LF-Tag only region.
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F.6 Fitin Untagged Channel Only
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Figure F.6: Fit for only untagged region.

Template Fit Normalization =+ Error

Z+ jets +5.4% + 10%

Z +bb +1.2% + 43%

tt +0.0% + 6.5%

Fakes +2.9% + 49%

VA4 —76% +  101%

- 34%

Systematic Fit Value (o) + Error (o)

Jet Resolution +0.26 + 0.94
Jet Energy Scale +1.02 + 0.81
@? —-1.08 +  0.51

bness Tag/Mistag +0.00 + 1.00
QG Tag/Mistag +0.06 + 0.99
Lepton Energy Scale 0.00 + 1.00
Lepton Energy Resolution 0.00 + 1.00
ISR/FSR —0.00 + 1.00

Table F.6: Fit parameter results from fit to untagged only region.
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F.7 Fit with Signal Constrained
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Figure F.7: Fit with signal constrained.
Template Fit Normalization =+ Error
Z+ jets +3.1% + 4.8%
Z +bb —39% + 19%
tt —0.0% + 6.5%
Fakes —9% + 48%
VA4 —1.5% + 59%
Systematic Fit Value (o) + Error (o)
Jet Resolution +0.14 + 0.84
Jet Energy Scale +0.34 + 0.74
@? ~1.35 + 049
bness Tag/Mistag +0.53 + 0.94
QG Tag/Mistag —0.01 + 0.12
Lepton Energy Scale —0.02 + 1.00
Lepton Energy Resolution +0.00 + 1.00
ISR/FSR —0.07 + 1.00
x?/d.o.f, No Signal 62.0 / 56
x?/d.o.f, w/ Signal 61.8 /56

Table F.7: Fit parameter results from fit with signal constrained.
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